Human knee ligaments: structure, function and mechanical properties by Mommersteeg, T.J.A.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/145827
 
 
 
Please be advised that this information was generated on 2018-07-07 and may be subject to
change.
uman knee l igaments: 
structure, function & 
mechanical properties 
ore thé 
momm eeg 

Human knee ligaments: 
Structure, function and mechanical properties 
CIP GEGEVENS KONINKLIJKE BIBLIOTHEEK, DEN HAAG 
Mommersteeg, Theodora Johanna Ardina 
Human knee ligaments: structure, function and mechanical properties / 
Theodora Johanna Ardina Mommersteeg. - [ S I . : s.n.] 
Proefschrift Nijmegen. - Met lit opg. - Met samenvatting in het Nederlands. 
ISBN 90-9007367-1 
Trefw.: knieligamenten, biomechanica 
No part of this book may be reproduced in any form without wr i t ten permission of the 
author. 
Print: Ponsen & Looijen BV, Wageningen 
Cover: Hetty Mommersteeg 
This publication was financially supported by grants f rom: 
Nederlandse Orthopaedische Vereniging 
Acufex / Cyanamid Benelux BV, Etten-Leur 
WEST Méditée, Bilthoven 
Ortomed BV, Zwijndrecht 
D.H. Heijne Stichting / Basko Healthcare, Amsterdam 
Oudshoorn BV, Lithoyen 
Howmedica Nederland BV, Haarlem 
Human knee ligaments: 
Structure, function and mechanical properties 
Een wetenschappelijke proeve 
op het gebied van de Medische Wetenschappen 
Proefschrift ter verkrijging van de graad van doctor 
aan de Katholieke Universiteit Nijmegen, 
volgens besluit van het College van Decanen 
in het openbaar te verdedigen 
op dinsdag 20 september 1994 
des namiddags te 3.30 uur precies 
door 
Theodora Johanna Ardina Mommersteeg 
geboren op 25 december 1965 te Vlijmen 
Promotores: Prof. Dr. Ir. R. Huiskes 
Prof. Dr. J.M.G. Kauer 
Co-promotores: Dr. Ir. L. Blankevoort 
Dr. J.G.M. Kooloos 
"De dwerg ziet verder dan de reus, 
wanneer hij op zijn schouders kan klimmen." 
Samuel Taylor Coleridge 
Aan pa en ma 
Voor René 

7 
CONTENTS 
Chapter 1 Introduction 9 
Chapter 2 Method to determine collagen density distributions 
in fibrous tissues 21 
Chapter 3 Nonuniform distribution of collagen density 
in human knee ligaments 29 
Chapter 4 Fiber bundle anatomy of human cruciate ligaments 41 
Chapter 5 The effects of variable relative insertion orientation 
of human knee bone-ligament-bone complexes 
on the tensile stiffness 57 
Chapter 6 Characterization of the mechanical behavior 
of human knee ligaments: 
a numerical-experimental approach 73 
Chapter 7 The restraining function of human knee ligament bundles 91 
Chapter 8 A global verification of human knee ligament models 117 
Chapter 9 Conclusions and discussion 129 
Samenvatting en conclusies 135 
Dankwoord 139 
Curriculum Vitae 141 
List of publications 143 

9 
CHAPTER 1 
Introduction 
This thesis discusses the structure, mechanical properties and function of 
the human knee ligaments, based on biomechanical experiments wi th post-
mortem material. The information obtained is important for diagnoses and 
treatment of ligament injury, and evaluations of surgical repair. In particular 
because the number of ligament injuries has increased in recent years, due to 
the increasing popularity of sports, a better understanding of ligament 
mechanics is important. The aim of this introductory chapter is to formulate 
the scope of the present study in relation to the current information available 
in the literature. 
The most commonly injured structures of the knee (43%) are the ligaments 
(Hirshman et al 1990). The incidence rate of ligament injuries is 98 per 
100,000 population per year. Injured are the Anterior Cruciate Ligament (ACL, 
48%), the Medial Collateral Ligament (MCL, 29%), the Posterior Cruciate 
Ligament (PCL, 4%), the Lateral Collateral Ligament (LCL, 2%) or combina-
tions of these (18%). The clinical diagnosis of a ligament disruption is based 
on the anamnesis, on the observation of the affected joint and on the 
demonstration of increased knee laxity. The nature of the laxity and its 
severity is demonstrated by manual tests, such as the Lachman test (Torg et 
al 1976), the pivot shift test (Galway et al. 1972), the anterior drawer test 
(Marshall et al 1975), the posterior drawer test (Hughston and Norwood 
1980) or the varus-valgus stress test (Daniel 1990) More reproducible, 
quantitative information is obtained with instrumented laxity testers (Markolf 
et al. 1978, Daniel étal. 1985, Edixhoven et al. 1989, Bloo et al. 1993). In 
addition to the establishment of clinical diagnoses, these tests aid in the 
evaluation of surgical repair and reconstructions of injured ligaments. Repara-
tion of the injured ligaments consists of a re-establishment of the continuity of 
the ligament fibers. In case of a reconstruction, the ligament is replaced by a 
graft. Most commonly used are autografts such as the patellar tendon and the 
semitendinosus tendon. In recent years, however, allografts or synthetic 
grafts, have been used as well. The aim of reconstructive surgery is to restore 
the normal passive laxity characteristics of the joint. Whether a reconstruction 
of the ligament is successful m restoring the normal knee laxity or not, 
depends on technical factors as the mechanical properties of the graft, its pre-
tension (Burks and Leland 1988, Fleming et al 1993), and its position in the 
knee (Fleming et al 1993, Hefzy and Grood 1986, Blankevoort 1991). The 
rate of success is less than perfect (Gillquist 1993). Van Rens et al (1986) 
found in an animal experiment, for example, using a strip of the iliotibial band 
as ACL autograft, that the strenght of the graft was 4 0 % that of the normal 
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ACL, a year after the reconstruction. Similar decreases in strength were 
measured for a reconstruction of the goat ACL using a strip of the retina-
culum, both with and without an augmentation with polydioxanone (PDS), four 
years after the reconstruction (Kok 1993). Abnormal mechanical behavior of 
the knee joint during anterior tibial loading was found after ACL 
reconstruction, using a patellar tendon graft, as well as using an augmented 
construction of the semitendinosus and the gracilis tendon (Lewis et al. 1 989). 
The use of two distinct segments wi th separate insertion sites and pre-
tensions gave, unlike a graft consisting of one individual bundle, practically 
normal anterior stability in 20 and 90 degrees of flexion in a postmortem study 
(Radford and Amis 1990). It is thus likely that grafts which mimic more closely 
the structure and mechanics of the natural knee ligament have a higher chance 
for success. Hence, for the further improvement of reconstructions of ligament 
injuries as well as for the development of new techniques to diagnose (partial) 
ligament laesions and evaluate ligament reconstructions, knowledge of the 
structure, function and mechanical properties of the ligaments in relation to 
knee motion is essential. 
STRUCTURE 
For a long time, the ligaments of the knee have been considered as dense 
connective tissues with similar properties and with a homogeneous com-
position throughout their lengths and widths (Butler et al. 1978, Viidik 1966). 
They were described as "short bands of tough but flexible fibrous connective 
tissue that bind bones together" (Guralnik 1971 , Ham 1974). It was not until 
the beginning of the eighties, that differences in tissue properties were 
described among and within knee ligaments. In the longitudinal and in the 
transversal directions, variations in tissue composition (Yahia and Drouin 
1988, Clark and Sidles 1990, Frank et al. 1988) as well as variations in 
mechanical properties (Arms et al. 1983, Woo et al. 1983, Butler et al. 1990, 
Butler et al. 1992, Race et al. 1994) were noted. Between two ligaments, the 
MCL and the ACL, also differences in biochemical, histological and 
biomechanical properties were described (Ross et al. 1990, Hart eí al. 1992, 
Woo étal. 1992). 
It has long been recognized that the ligaments of the knee are not uniformly 
tensed during knee motions (Fick 1 9 1 1 , Brantigan and Voshell 1941 , Robichon 
and Romero 1968). In the ligaments, fiber bundles were recognized of which 
the fibers function together. Conceptually, the ACL was thought to be 
divisable in an anteromedial bundle (AMB) and a posterolateral bundle (PLB) 
(Girgis et al. 1975, Abbott et al. 1944, Lam 1968, Furman et al. 1976, 
Cabaud 1983, Arnockzy 1983, van Dijk 1983, Fuss 1989, Welsh 1980). 
Sometimes an intermediate bundle was defined in addition (Buck 1985, 
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Norwood and Cross 1979, Amis and Dawkins 1991). The PCL was divided in 
an anterolateral bundle (ALB) and a posteromedial bundle (PMB) (Pohacu Prose 
et al. 1988, van Dijk 1983). A small oblique band at the posterior aspect of 
the PCL, the so-called reinforcing bundle, was described as functioning in 
congruence with the PMB. Others considered this oblique bundle as a separate 
one, the posterior bundle, and the bulk of the ligament as the anterior bundle 
(Girgis et al. 1975, Fuss 1989). There is no concensus in the literature about 
the delineation of the MCL. Three parts were considered, the superficial or 
femorotibial part, the deep or meniscal part and the posterior oblique ligament 
(POL). The superficial part was thought to consist of an anterior or parallel-
fibered part and a posterior or oblique-fibered part. The meniscal part was 
divided in a proximal or meniscofemoral part and a distal or meniscotibial part. 
Some authors defined only the superficial part as the MCL (Guyot 1 9 8 1 , 
Müller 1983, Brantigan and Voshell 1943, Slocum and Larson 1968, Welsh 
1980). Others considered the superficial and the deep parts as the MCL 
(Pohacu Prose et al 1988, Franke 1981 , Last 1848, Warren et al. 1974). A 
third group of authors defined the three parts as a unit (Brantigan and Voshell 
1941). For the LCL no subdivisions were described. 
FUNCTION 
The ligaments of the knee are well designed for their role in the main-
tenance of normal joint kinematics. In concert wi th the articular surfaces of 
the femur and the tibia, the capsular structures and the menisci, they 
determine the passive motion characteristics of the knee (Blankevoort 1991). 
Within the envelope of passive motion, they guide the relative movements of 
the femur and the tibia. Outside this envelope they restrain excessive 
movements. 
The role each ligament plays in joint mechanics has been studied exten-
sively in the past. Often, experiments were performed with postmortem knee 
joints. Ligaments were selectively cut and the resulting changes in the 
mechanics of the joints were measured. Two approaches were used. Using the 
so-called flexibility approach, the motions of the knee joint before and after 
cutting a ligament were measured, while applying a prescribed external load 
(Girgis et al 1975, Grood et al. 1981 , Markolf et al. 1976, Kennedy and 
Fowler 1971). Using the so-called stiffness approach, the external forces 
before and after cutting a ligament were measured, while applying a prescribed 
motion to the knee (Butler et al 1980, Piziali et al. 1980, Seering étal. 1980). 
Others estimated the functional roles of the ligaments by direct measurements 
of changes in ligament lengths during knee motion (Wang and Walker 1973, 
Trent et al 1976, van Dijk 1983, Wowk et al 1989, Kurosawa et al. 1 9 9 1 , 
Hollis et al. 1 9 9 1 , Blankevoort et al. 1991), changes in ligament strain 
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(Kennedy et al. 1977, Monahan et al. 1984) or changes m ligament force 
(France et al. 1983, Ahmed et al. 1987, Ahmed et al. 1992, Markolf et al. 
1993, Wascher et al. 1993). Indirect assessments of ligament lengths, strains 
and forces were deduced from m situ measurements of the joint kinematics, 
ligament insertion sites and ligament mechanical properties (Vahey and 
Draganich 1 9 9 1 , Guan et al. 1 9 9 1 , Blankevoort 1 9 9 1 , Takai et al. 1993). 
From these studies, it has become clear that each ligament has a specific 
role in maintaining knee-joint stability. Furthermore, it was found that the roles 
the cruciate ligaments play vary with the position of the knee joint (Markolf et 
al. 1993, Wascher et al. 1993). It appeared that different portions of the 
cruciate ligaments function at different flexion angles. The functional contribu-
tion to the anterior-posterior tibial restraint, for example, decreases for the 
posterior portion and increases for the anterior portion of these ligaments 
during knee flexion (Brantigan and Vosheil 1 9 4 1 , Girgis et al. 1975, van Dijk 
1983, Amis and Dawkins 1991 , Hollis et al 1 9 9 1 , Blankevoort et al. 1 9 9 1 , 
Kurosawa et al. 1 9 9 1 , Race and Amis 1993, Hollis and Woo 1993). Some 
authors, however, do not recognize an obvious reciprocal behavior between 
the anterior and posterior portions of the ACL from extension through flexion 
(Rosenberg and Rasmussen 1984, Wowk et al. 1989). 
MECHANICAL PROPERTIES 
The establishment of the mechanical properties of the knee ligaments, or 
force-elongation relationships, is needed in order to estimate forces m the 
ligaments if the elongations are measured. Furthermore, matching the 
mechanical properties for ligament grafts wi th those of the natural ligament 
should be a goal of graft design and selection. Typically, the force-elongation 
behavior of ligaments is nonlinear: they behave very flexible for low forces, 
while the collagen fibers are straightened, but when gradually more and more 
fibers are stretched, their resistance against elongation increases progressively 
until all fibers are stretched. At that time, the resistance against elongation has 
a constant value and equals the so-called linear stiffness. Further elongation of 
the ligament causes an increasing number of fibers to rupture and as a 
consequence, a decreasing resistance against elongation until complete rupture 
of the ligament. This relationship between force and elongation was registered 
for human knee ligaments by uniaxial tensile tests of postmortem bone-
hgament-bone preparations (Noyes and Grood 1976, Trent et al. 1976). Some 
structural properties were derived from the registered force-elongation curves, 
such as the linear stiffness and the force and elongation necessary to rupture 
the ligament. The examination of the whole force-elongation curve is, 
however, more important, because normal physiological responses do only 
involve its initial part, in which not all fiber bundles are straightened complete-
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ly (Noyes et al. 1984). For this reason, it is important in ligament reconstruc-
tions that the whole force-elongation curve of a graft matches that of a normal 
ligament, to provide the knee with appropriate motion during normal function. 
In order to describe the shape of the whole curve, mathematical relationships 
between force and elongation were formulated (Vndik 1980, Carlstedt and 
Skagervall 1986). The parameters of these relationships determine the shape 
of the curve. This shape depends on the dimensions of the ligament, i.e. the 
length and the cross-sectional area of the tissue, as well as on the fiber 
directions and the microstructure of the tissue (Butler et al. 1978). 
Furthermore, it is significantly affected by factors as age and activity level 
antemortem. Finally, the testing rate and testing conditions are important as 
well. Recently, it appeared that the structural properties of a bone-hgament-
bone complex are extremely dependent on the directions of the tensile force 
relative to the orientation of the ligament in the testing apparatus as well as on 
the angle of knee flexion (Figgie et al 1986, Roux et al 1986, Hollis et al 
1987, Lyon et al. 1989, Rogers et al. 1990, Woo et al 1991). This 
phenomenon is largely due to variable recruitment of the ligament fibers during 
tensile testing. It is even impossible to orient whole ligaments such that 
uniform loading of all fiber bundles is obtained, because of the existence of 
nonparallel bundles of unequal length. This was already recognized earlier 
(Noyes and Grood 1976) To produce more uniform loading of the ligament 
fibers, Butler et al. (1992) tested smaller units of the ACL in bone-fascicle-
bone specimens. In this way, they discovered inhomogeneity in material 
properties within the ACL the tangent modulus of the anterior bundles was 
significantly higher than the modulus of the posterior bundle. Similar 
differences were described between the anterior and posterior bundles in the 
PCL (Race and Amis 1994). 
MATHEMATICAL MODELS OF LIGAMENT FUNCTION 
The aspects of ligament properties and function as discussed in the 
previous sections, are isolated pieces of information. By putting these pieces 
of information together in a mathematical model of the knee joint, a more 
complete insight into the relation between ligament properties and function 
can be obtained (Huiskes 1992, Hirokawa 1993). Several knee models have 
been developed (Wismans 1980, Blankevoort 1991 , Andnacchi et al. 1983, 
Crownmshield et al 1976, Essinger et al 1989, Grood and Hefzy 1982). In 
concept these models are similar. The joint is described as a mechanical 
control mechanism, as depicted in Fig. 1 1. External forces caused by gravity, 
accelerations and muscles balance the internal forces in the ligaments and the 
articular contact. The distribution of the internal forces over the ligaments 
determines their individual roles in knee-joint function, as depending on their 
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geometrical and mechanical 
properties. In mathematical 
knee joint models, this load 
transfer process is simulated, 
such that the relationships 
illustrated in Fig. 1.1 are un-
raveled Blankevoort (1991) 
modeled the knee as the 
femoral and tibial articular 
surfaces connected by the 
four major knee ligaments. 
Each cruciate ligament was 
represented by two nonlinear 
elastic line elements and 
each collateral ligament by 
three, of which those of the 
MCL were allowed to wrap 
around the tibial condylar 
edge. In other models, the 
number of line elements used to represent the ligaments, was also limited from 
one to four (Crownmgshield et al. 1976, Grood and Hefzy 1982, Essmger et 
al. 1989). The positions of these line elements were rather arbitrarily chosen; 
at least they were not defined on the basis of thorough analyses of the com-
plex 3 D fiber configurations which these ligaments represent (Huiskes and 
Blankevoort 1992). The line elements were assigned either linear elastic 
(Andnacchi et al. 1983) or nonlinear elastic force elongation characteristics 
(Crownmgshield et al 1976, Wismans 1980, Grood and Hefzy 1982, Essmger 
et al 1989, Blankevoort 1991). The parameters describing these characteris-
tics were estimated from the literature Stiffness parameters obtained by 
whole ligament testing were uniformly divided among the line elements 
representing each ligament (Blankevoort 1991). The zero force lengths of the 
line elements were unknown and estimated by individual comparisons between 
experimental data and results of model simulations. From these model analyses 
it appeared that the behavior of the knee strongly depends on the ligament 
parameters (Wismans 1980, Blankevoort 1991) Furthermore, it was found 
that representations of only a limited number of fiber bundles of the cruciate 
ligaments are insufficient to stabilize the knee during the entire range of knee 
motion (Blankevoort 1991). Attempts at knee model validation were made by 
comparing average experimental data of intact knee specimens reported in the 
literature with model simulation results (Essmger et al 1989, Andnacchi et al 
1983, Wismans 1980). Blankevoort and Huiskes (1994) compared the model 
simulations with the experimental kinematics of intact knee specimens on a 
specimen-to-specimen related basis In this study, however, only the geometry 
EXTERNAL 
FORCES 
LIGAMENT 
FORCES 
KNEE 
MOTION 
LENGTH 
PATTERNS 
LIGAMENT 
"PROPERTIES 
FIG 1 1 Schematic representation of the 
mechanical control mechanism behind the knee-
joint model the interplay between knee-joint 
structures and the passive motion characteristics 
of the joint 
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of the model was based on the geometry of the experimental specimen; other 
parameters were taken from the literature or roughly estimated. Ideally, the 
validation of a knee-joint model should be based on precise measurements of 
all relevant parameters of a particular knee, and then comparing predictions of 
mechanical behavior wi th experimental results for that same knee (Huiskes 
1992). No attempts have been made as yet, however, for such a rigorous 
approach. 
AIM AND SCOPE OF THE PRESENT STUDY 
This thesis deals with the structure, the mechanical properties and the 
function of human knee ligaments As evident from the above introduction, 
there is a lack of information concerning the precise structure-function 
relationships of ligaments Too often, they are seen, conceptually, as rather 
uniform tensile elements, either stretched and stressed, or slack and un-
stressed This simple concept of their function was proven false in clinical 
'experiments' with ligament reconstructions (Radford and Amis 1990), in 
laboratory experimental assessments of tensile properties (e.g. Figgie et al 
1986, Woo et al. 1992), and in biomechanical analyses of knee-joint funct ion, 
using mathematical knee-joint models (Blankevoort 1991). 
In this thesis, an alternative concept of ligament structure is proposed The 
ligaments are considered as three-dimensional structures of collagen fibers of 
variable orientations, lengths and mechanical properties. In this concept, the 
fibers are the tensile units, not the ligament itself. The general question 
addressed is if this structural concept can explain the functional role of the 
ligaments in knee-joint motion and load transfer. 
Structural and mechanical aspects of the ligaments were evaluated to 
define a functional representation of the ligaments The structure of the 
ligaments was characterized in Chapters 2, 3 and 4 In Chapter 3, density 
measurements of collagen fibers in different parts of the four knee ligaments 
are discussed, to obtain an impression of their mhomogeneity in collagen 
density We tried to answer the question whether the fiber density is related to 
the mechanical properties and function of the different parts as described in 
the literature. The verification of the method used to determine collagen 
density distributions is treated in Chapter 2. Chapter 4 deals wi th a further 
characterization of the ligaments as 3-D structures of collagen fibers. The 
distributions of fiber orientations in the tissues were investigated in geometric 
analyses Based on the distribution of fiber orientations measured, the 
ligaments were represented by collections of several straight tensile elements 
connecting the femur and the tibia. 
In Chapters 5 and 6, the structural mechanical properties of the ligaments 
are discussed Chapter 5 presents the variations in the effective structural 
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properties of each knee ligament. For this purpose, tensile tests of the 
ligaments were performed in different relative insertion orientations. In Chapter 
6 these variations in effective structural properties are explained from the 
variable recruitment and stiffening of the fiber bundles during the tensile tests. 
For this purpose, the ligaments were considered as collections of straight 
tensile elements, as defined in Chapter 4. 
Chapter 7 discusses the behavior of the fiber bundle representations of the 
ligaments in a natural knee joint, for several position and loading conditions. 
The recruitment patterns and load-transfer distributions of the four major knee 
ligaments were investigated simultaneously during knee-joint motion. 
Chapter 8 deals with the validation of the structural concept proposed 
through a direct confrontation between model predictions and experimental 
motion data of a knee-joint. The question was whether it is valid to represent 
the ligaments of the knee by collections of several fiber bundles of which the 
effective structural properties were described as functions of the loading- and 
unloading patterns of several fiber bundles. 
Chapter 9 concludes this thesis with a summary and a discussion of the 
results obtained and the future developments. 
REFERENCES 
A b b o t t LC, Saunders JB, Bost FC, Anderson CE (1944) Injuries to the ligaments of the knee joint 
J. BoneJt. Surg. 26· 503-521 
Ahmed A M , Hyder A, Burke DL, Chan KH (1987) In vitro l igament tension pattern in the flexed 
knee in passive loading. J. Orthop. Res 5: 2 1 7 - 2 3 0 . 
A h m e d A M , Burke DL, Duncan NA, Chan KH (1992) Ligament tension pattern in the flexed knee 
in combined passive anterior translation and axial rotat ion, J. Orthop. Res. 1 0 : 8 5 4 867 
Amis AA, Dawkins GPC (1991 ) Functional anatomy of the anterior cruciate ligament - fiber bundle 
actions related to ligament replacements and injuries J. Bone Jt. Surg 73B: 260-267 
Andnacchi TP, Mikosz RP, Hampton SJ (1983) Model studies of the stiffness characteristics of 
the human knee joint. J Biomech. 16: 23-29. 
Arms S, Boyle J , Johnson R, Pope M (1983) Stain measurement in the medial collateral l igament 
of the human knee: an autopsy study J. Biomech. 16(7)· 4 9 1 - 4 9 6 
Arnockzy SP (1983) Anatomy of the anterior cruciate ligament. Clin. Orthop, 1 7 2 : 19-25 
Blankevoort L (1991) Passive motion characteristics of the human knee joint, experiments and 
computer simulations Dissertation, University of Nijmegen, Nijmegen, The Netherlands 
Blankevoort L, Huiskes R, de Lange A (1991) Recruitment of knee-joint l igaments. J. Biomech 
Engng. 1 1 3 . 9 4 - 1 0 3 . 
Blankevoort L, Huiskes R (1994) Parametric validation of a three-dimensional model of the knee J. 
Biomech. (in press) 
Bloo JKC, Wagemakers ΗΡΑ, Rasenberg EU, Blankevoort L, Kampen van A, Schoots F (1993) 
Functional repair in relation to immobilization in medial collateral ligament injuries. Proceedings 
of the 3th Conference of the European Orthopaedic Research Society, ρ 376B. 
Brantigan OC, Voshell AF (1941) The mechanics of the ligaments and the menisci of the knee 
joint. J Bone Jt Surg 2 3 : 44-66 
Brantigan OC, Voshell AF (1943) The tibial collateral ligament its funct ion, its bursae, and its 
relation to the medial meniscus. J . BoneJt Surg. 25(1) 121-131 
Introduction 17 
Buck WR (1 985) Anatomy, strain gauge analysis and immobilization of the ACL. Master's Thesis, 
The Ohio State University, Ohio, USA. 
Burks R, Leland R (1988) Determination of graft tension before f ixation in anterior cruciate 
ligament reconstruct ion. Arthroscopy 4 : 260 -266 . 
Butler DL, Grood ES, Noyes FR, Zernicke RF (1978) Biomechanics of ligaments and tendons. 
Exercise and Sport Sciences Reviews 6: 1 2 5 - 1 8 1 . 
Butler DL, Noyes FR, Grood ES (1978) Measurement of the mechanical properties of l igaments. In: 
CRC Handbook of engineering in medicine and biology, sect. B, vol . I, eds. Feinberg BN, 
Fleming DG, CRC Press, pp. 279-314 . 
Butler DL, Noyes FR, Grood ES (1980) Ligamentous restraints to anterior-posterior drawer in the 
human knee. J. Bone Jt. Surg. 62A· 259 -270 . 
Butler DL, Sheh MY, Stouffer DC (1990) Surface strain variation in human patellar tendon and 
knee cruciate l igaments. J. Biomech. Engng. 112: 38-45. 
Butler DL, Guan Y, Kay MD (1992) Location-dependent variations in the material properties of the 
anterior cruciate l igament. J. Biomech. 25(5): 511-518. 
Cabaud HE (1 983) Biomechanics of the anterior cruciate ligament. Clin Orthop. 172: 2 6 - 3 1 . 
Carlstedt CA, Skagervall R (1986) A model for computer-aided analysis of biomechanical 
properties of the plantaris longus tendon in the rabbit. J. Biomech. 19(3): 251-256 . 
Clark JM, Sidles JA (1990) The interrelation of fiber bundles in the anterior cruciate l igament. J. 
Orthop. fíes. 8: 180-188. 
Crowninshield R, Pope MH, Johnson RJ (1976) An analytical model of the knee. J. Biomech. 9· 
397-405. 
Daniel DM, Malcom LL, Losse G, Stone ML, Sachs R, Burks R (1985) Instrumented measurement 
of anterior laxity of the knee. J. Bone Jt. Surg. 67A: 720-726. 
Daniel DM (1990) Diagnosis of a ligament injury (Chapter 1). In: Knee ligaments: structure, 
funct ion, injury and repair, eds. Daniel DM, Akeson WH, O'Connor JJ , Raven Press, New York, 
pp. 3-10. 
Dijk van R (1983) The behaviour of the cruciate ligaments in the human knee. Dissertation, 
University of Nijmegen, Nijmegen, The Netherlands. 
Edixhoven P, Huiskes R, Graaf de R (1989) Anteroposterior drawer measurements in the knee 
using an instrumented test device Clin Orthop. 247: 232-242 
Essmger JR, Leyvraz PF, Heegard JH (1989) A mathematical model for the evaluation of the 
behavior during flexion of condylar-type knee prostheses J. Biomech. 22. 1 2 2 9 - 1 2 4 1 . 
Fick R (1911) Anatomie und mechanik der gelinke unter berucksichtigung der bewegenden 
muskeln. Band II, Teil III. In: Handbuch der anatomie des menschen, ed. , Karl von Bardeleben 
Figgie IM HE, Bahniuk EH, Heiple KG, Davy DT (1986) The effects of tibial-femoral angle on the 
failure mechanics of the canine anterior cruciate ligament. J. Biomech. 19(2), 8 9 - 9 1 . 
Fleming B, Beynnon BD, Johnson RJ, McLeod WD, Pope MH (1993) Isometric versus tension 
measurements - a comparison for the reconstruction of the anterior cruciate ligament. Am. J. 
Sports Med. 21(1): 82 -88 . 
France EP, Daniels A U , Goble EM, Dunn HK (1983) Simultaneous quantif ication of knee ligament 
forces. J. Biomech. 16(8). 553-564. 
Frank C, McDonald D, Lieber R (1988) Biochemical heterogeneity wi th in the maturing rabbit 
medial collateral l igament. Clin. Orthop. Rel. Res. 236 279-285 . 
Franke J (1981) Klassifikation der chronischen Kapselbandinstabilitaten des Kniegelenkes - Teil I: 
Anatomie und Diagnostik. Beitr. Orthop. u. Traumatol. 28(3): 125-140. 
Furman W, Marshall JL, Girgis FG (1976) The anterior cruciate l igament: a functional analysis 
based on postmortem studies. J. Bone Jt. Surg. 58A (2): 1 79-185. 
Fuss FK (1989) Anatomy of the cruciate ligaments and their funct ion in extension and flexion of 
the human knee joint. J. Anatomy 184: 165-1 76. 
Galway RD, Beaupré A, Macintosh DL (1972) Pivot-shift: a clinical sign of symptomatic anterior 
cruciate ligament insufficiency J. Bone Jt Surg. 54B: 763-764 
18 Chapter 1 
Gillquist J (1 993) Repair and reconstruction of the ACL is it good e n o u g h ' Arthroscopy 9(1): 68-
7 1 . 
Girgis FG, Marshall JL, Al Monajem ARS (1975) The cruciate ligaments of the knee joint. Clin. 
Orthop. 106· 216-231 
Grood ES, Noyes FR, Butler DL, Suntay WJ (1981) Ligamentous and capsular restraints preventing 
straight medial and lateral laxity in intact human cadaver knees. J. Bone Jt. Surg. 6 3 A ( 8 ) : 
1 2 5 7 - 1 2 6 9 . 
Grood ES, Hefzy MS (1982) An analytical technique for modeling knee joint stiffness: Part I: 
Ligamentous forces. J. Biomech. Engng. 104: 3 3 0 - 3 3 7 . 
Guan Y, Butler DL, Dormer SG, Cummings JF (1991) Contribution of anterior cruciate ligament 
subunits during anterior drawer in the human knee Proceedings of the 37th Annual meeting of 
the Orthopaedic Research Society, ρ 69 
Guralnik DB (1971) Webster's New World Dictionary New York, World Publishing, p. 4 3 3 . 
Guyot J (1981) Atlas of human limb joints, Springer-Verlag, Berlin, Heidelberg. 
Ham AW (1974) Histology, 6th ed. Philadelphia, Toronto, JB Lippincott, pp. 3 7 4 - 3 7 7 . 
Hart RA, Woo SLY, Newton, PO (1992) Ultrastructural morphometry of anterior cruciate and 
medial collateral l igaments: an experimental study in rabbits. J. Orthop. Res. 10: 9 6 - 1 0 3 . 
Hefzy M, Grood E (1986) Sensitivity of insertion locations on length patterns of anterior cruciate 
ligament f ibers. J. Biomed. Engng. 108: 73-82. 
Hirokawa S (1993) Biomechanics of the knee joint: a critical review. Crit. Rev. in Biomed. Eng. 
21(2): 79-135. 
Hirshman HP, Daniel DM, Miyasaka К (1990) The fate of unoperated knee ligament injuries -
Chapter 2 7 . In: Knee ligaments: structure, function, injury and repair, eds Daniel DM, Akeson 
W H , O'Connor J J , Raven Press, New York, pp. 4 8 1 - 4 8 4 . 
Hollis J M , Lee EB, Ballock RT, Inoue M, Gomez MA, Woo SL-Y (1987) Variation of structural 
properties of the anterior cruciate ligament as a function of loading direction Proceedings of 
the 33th Annual meeting of the Orthopaedic Research Society, p. 196. 
Hollis J M , Takai S, Adams DJ, Horibe S, Woo SL-Y (1991) The effects of knee motion and 
external loading on the length of the anterior cruciate ligament (ACL): a kinematic study. J. 
Biomech. Engng 1 1 3 : 2 0 8 - 2 1 4 . 
Hollis J M , Woo S L Y (1993) The estimation of anterior cruciate ligament loads in situ· indirect 
methods. In. The Anterior Cruciate Ligament - Current and future concepts, eds. Jackson DW, 
Arnockzy SP, Woo SL-Y, Frank CB and Simon TM, Raven Press, New York, Ch. 7, pp. 85-94. 
Hughston JC, Norwood LA (1980) The posterolateral drawer test and external rotational 
recurvatum test for posterolateral rotatory instability of the knee. Clin. Orthop. 147: 82-87. 
Huiskes R (1992) Mathematical modeling of the knee. In Biology and biomechanics of the 
traumatized synovial /oint: the knee as a model, eds. Finerman G.A.M , Noyes F.R., AAOS, 
Rosemont, IL, USA, pp. 4 1 9 - 4 3 9 . 
Huiskes R, Blankevoort L (1992) Anatomy and biomechanics of the anterior cruciate ligament: a 
three-dimensional problem. In. The knee and the cruciate ligaments, eds., Jakob RP, Stauble 
Η-U, Springer-Verlag, Berlin, pp. 92-109. 
Kennedy JC, Fowler PJ (1971) Medial and anterior instability of the knee - an anatomical and 
clinical study using stress machines. J. Bone Jt. Surg. 5 3 A I 7 ) : 1 2 5 7 - 1 2 7 0 . 
Kennedy JC, Hawkins RJ, Willis RB (1977) Strain gauge analysis of knee ligaments. Clin Orthop 
1 2 9 : 2 2 5 - 2 2 9 . 
Kok WH J (1993) Augmentat ion in anterior cruciate ligament reconstruction - a biomechamcal and 
histomorphological study Dissertation, University of Nijmegen, Nijmegen, the Netherlands 
Kurosawa H, Yamakoshi K-l, Yasuda K, Sasaki Τ (1 991 ) Simultaneous measurement of changes in 
length of the cruciate ligaments during knee motion. Clin. Orthop. Rel Res. 2 6 5 2 3 3 - 2 4 0 . 
Lam SJS (1968) Reconstruction of the Anterior cruciate ligament using the Jones procedure and 
its Guy's Hospital Modif ication. J. Bone Jt. Surg. 50A: 1 2 1 3 - 1 2 2 4 . 
Last RJ (1848) Some anatomical details of the knee joint. J. Bone Jt. Surg. 30B(4): 6 8 3 - 6 8 8 . 
Introduction 19 
Lewis J, Lew W, Hill J , Hanley P, Ohland K, Kirstukas S, Hunter R (1 989) KNee joint motion and 
ligament forces before and after ACL reconstruction. J. Biomech. Engng. 1 1 1 : 9 7 - 1 0 6 . 
Lyon RM, Woo SL-Y, Hollis JM (1989) A new device to measure the structural properties of the 
femur-anterior cruciate ligament-tibia complex. J. Biomech. Engng. 1 1 1 , 3 5 0 - 3 5 4 . 
Markolf KL, Mensch JS, Amstutz HC (1976) Stiffness and laxity of the knee - The contributions of 
the supporting structures. J. Bone Jt. Surg. 58A: 583-593 
Markolf KL, Graff-Radford A, Amstutz HC (1978) In vivo knee stability. A quantitative assessment 
using an instrumented clinical testing apparatus. J. Bone Jt. Surg. 60A: 6 6 4 - 6 7 4 . 
Markolf KL, Wascher DC, Finerman GAM (1993) Direct in vitro measurement of forces in the 
cruciate l igaments. Part II: The effect of section of the posterolateral structures J. Bone Jt. 
Surg. [Ami 75(3): 3 8 7 - 3 9 4 . 
Marshall JL, Wang JB, Furman W, Girgis FG, Warren R (1975) The anterior drawer sign: what is 
i t ' J. Sports Med. 3: 152-158. 
Monahan J J , Grigg P, Pappas A M , Leclair WJ, Marks T, Fowler DP, Sullivan TJ (1984) In vivo 
strain patterns in the four major canine knee ligaments. J. Orthop. Res. 2: 4 0 8 - 4 1 8 . 
Muller W (1983) The knee: form, function and ligament reconstructions. Springer-Verlag, Berlin. 
Norwood LA, Cross M J (1979) Anterior cruciate ligament: functional anatomy of its bundles in 
rotatory instabilities. Am. J. Sports Med. 7(1): 23-26 
Noyes FR, Grood ES (1976) The strength of the anterior cruciate ligament in humans and rhesus 
monkeys - age-related and species-related changes. J. Bone Jt. Surg. 5 8 A I 8 ) : 1 0 7 4 - 1 0 8 2 . 
Noyes FR, Butler DL, Grood ES, Zernicke RF, Hefzy MS (1984) Biomechamcal analysis of human 
ligament grafts used in knee ligament repaires and reconstructions. J. Bone Jt. Surg 66A: 
3 4 4 - 3 5 2 . 
Piziah RL, Seering WP, Nagel DA, Schurman DJ (1980) The function of the primary ligaments of 
the knee in anterior-posterior and medial-lateral motions. J. Biomech. 13: 7 7 7 - 7 8 4 . 
Poliacu Prose L, Lohman A H M , Huson A (1988) The collateral ligaments of the knee joint in the 
cat and man - morphological and functional study of the internal arrangement of f ibers. Acta 
Anat. 133: 70-78. 
Race A, Amis AA (1994) The mechanical properties of the t w o bundles of the human posterior 
cruciate ligament J. Biomech. 27(1): 13-24. 
Race A, Amis AA (1993) Loading of the t w o bundles of the posterior cruciate l igament: an 
analysis of bundle funct ion in AP-drawer. Proceedings of the 3th Conference of the European 
Orthopaedic Research Society, p. 6 7 . 
Radford WJP, Amis A A (1990) Biomechanics of a double prosthetic ligament in the anterior 
cruciate ligament in the anterior cruciate deficient knee. J. Bone Jt. Surg 72B (6): 1038-
1043. 
Rens Τ, van den Berg A, Huiskes R (1986) Substitution of the anterior cruciate l igament: a long-
term histologic and biomechamcal study w i t h atuogenous pedicled grafts of the ihotibial band 
in dogs. J. Arthroplasty 2: 139-145. 
Robichon J, Romero С (1 968) The functional anatomy of the knee joint, w i t h special reference to 
the medial collateral and anterior cruciate ligament. Can. J. Surg. 1 1 : 36-39. 
Rogers GJ, Milthorpe BK, Muratore A, Schmdhelm К (1990) Measurement of the mechanical 
properties of the ovine anterior cruciate ligament bone-hgament-bone complex: a basis for 
prosthetic evaluation. Biomaterials 1 1 , 89-96. 
Rosenberg TD, Rasmussen GL (1984) The function of the anterior cruciate ligament during 
anterior drawer and Lachman's testing - an in vivo analysis in normal knees. Am. J. Sports 
Med 12(4): 3 1 8 - 3 2 2 . 
Ross SM, Joshi R, Frank CB (1990) Establishment and comparison of fibroblast cell lines from the 
medial collateral and anterior cruciate ligaments of the rabbit. In Vitro Cell. Dev. Biol. 2 6 : 579-
5 8 4 . 
20 Chapter 1 
Roux RD, Holhs J M , Gomez MA, Inoue M, Kleiner JB, Akeson W H , Woo SL-Y (1986) Tensile 
testing of the anterior cruciate ligament (ACL): a new methodology. Proceedings of the 32th 
Annual meeting of the Orthopaedic Research Society, p. 2 3 7 . 
Seering WP, Piziali RL, Nagel DA, Schurman DJ (1980) The funct ion of the primary ligaments of 
the knee in varus-valgus and axial rotation. J. Biomech. 13: 7 8 5 - 7 9 4 . 
Slocum DB, Larson RL (1968) Rotatory instability of the knee - its pathogenesis and a clinical test 
to demonstrate its presence. J. Bone Jt. Surg. 50A (2): 2 1 1 - 2 2 5 . 
Sommerlath K, Lysholm J, Gillquist J (1991) The long-term course after treatment of acute 
anterior cruciate ligament ruptures. A 9 to 16 year fol low-up. Am. J. Sports Med. 1 9 : 156-
1 6 2 . 
Takai S, Adams DJ, Livesay GA, Woo SL-Y (1993) Determination of the in situ loads on the 
human anterior cruciate ligament. J. Orthop. Res. 1 1 - 6 8 6 - 6 9 5 . 
Torg JS, Conrad W, Kalen V (1976) Clinical diagnosis of anterior cruciate ligament instability in 
the athlete Am. J. sports Med. 4 : 84-93. 
Trent PS, Walker PS, Wolf В (1976) Ligament length patterns, strength and rotational axes of the 
knee joint. Clin. Orthop. 117: 2 6 3 - 2 7 0 . 
Vahey JW, Draganich LF (1991) Tensions in the anterior and posterior cruciate ligaments of the 
knee during passive loading: predicting ligament loads from in situ measurements. J. Orthop. 
Res. 9: 5 2 9 - 5 3 8 . 
Viidik A (1966) Biomechanics and functional adaption of tendons and joint ligaments. In: Studies 
on the anatomy and function of bones and joints, ed. Evans FG, Springer-Verlag, Berlin, pp. 
17-39. 
Vndik A (1980) Mechanical properties of parallel-fibered collagenous tissues. In. Biology of 
collagen, eds. Vndik A, Vuust J, Academic Press, London, pp. 2 3 7 - 2 5 5 . 
Wang C-J, Walker PS (1973) The effects of flexion and rotation on the length patterns of the 
ligaments of the knee. J. Biomech. 6: 5 8 7 - 5 9 6 . 
Warren LF, Marshall JL, Girgis FG (1974) The prime static stabilizer of the medial side of the knee 
- an anatomical analysis. J. Bone Jt. Surg. 61A(1): 56-62. 
Wascher DC, Markolf KL, Shapiro MS, Fmerman GAM (1993) Direct in vitro measurement of 
forces in the cruciate l igaments. Part I: The effect of multiplane loading in the intact knee. J 
Bone Joint Surg (Am} 75(3): 3 7 7 - 3 8 6 . 
Welsh RP (1980) Knee joint structure and funct ion. Clin. Orthop. 1 4 7 : 7-14. 
Wismans J (1980) A three-dimensional Mathematical model of the knee joint. Dissertation, 
Eindhoven University of Technology, the Netherlands. 
Woo SL-Y, Gomez MA, Seguchi Y, Endo CM, Akeson WH (1983) Measurement of mechanical 
properties of ligament substance from a bone-ligament-bone preparation. J. Orthop. Res 1. 
2 2 - 2 9 . 
Woo SLY, Holhs J M , Adams DJ, Lyon RM, Takai S (1991) Tensile properties of the human femur-
anterior cruciate ligament-tibia complex: the effects of specimen age and orientation. Am. J. 
Sports Med. 19(3): 2 1 7 - 2 2 5 . 
Woo SL-Y, N e w t o n , PO, MacKenna DA, Lyon RM (1992) A comparative evaluation of the 
mechanical properties of the rabbit medial collateral and anterior cruciate ligaments. J. 
Biomech. 25(4): 3 7 7 - 3 8 6 . 
W o w k V, Sapega AA, Moyer RA, Schneck С (1989) The posterior 'band' of the ACL: does it 
funct ion reciprocally w i t h the central/anteromedial fibers? Proceedings of the 35th Annual 
meeting of the Orthopaedic Research Society, p. 1 9 1 . 
Yahia L-H, Droum G (1988) Collagen structure in human anterior cruciate ligament and patellar 
tendon. J. Mat. Sci. 2 3 : 3 7 5 0 - 3 7 5 5 . 
21 
CHAPTER 2 
Method to determine collagen density distributions 
in fibrous tissues1 
Τ J.A Mommersteeg, J M G Kauer, R Huiskes and L Blankevoort 
ABSTRACT - We present a method for the measurement of hydroxyprolme 
density distributions, as an estimate for collagen density distributions, in 
fibrous tissues such as ligaments and tendons To evaluate this method, a 
single flexor tendon of a human hand was divided into seven tissue locations. 
Triplicate determinations of the dry weight tissue mass, volume and the hy­
droxyprolme mass were made at each location: t w o samples were analyzed at 
the same time (a and b) and one was analyzed later (c). The intralocation 
variation is an estimate for the measurement error variation, which indicates 
both the precision (a compared with b) and the repeatability (b compared wi th 
c) of the technique for determination of volume, dry weight tissue mass, 
hydroxyprolme concentration, and hydroxyprolme density. The precision is 
about 5% for all variables, and the repeatability ranged from 1.5-4.3%. In 
comparison with the mterlocation variations, the error variances were small, 
except for collagen concentration. This indicates that despite the measurement 
errors, differences in hydroxyprolme density can be detected within fibrous 
tissues with the proposed method. The use of only a single tendon is adequate 
to evaluate the measurement error of the method, but more tendons should be 
measured to generalize the absolute values of the variables 
1
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INTRODUCTION 
The mechanical properties of connective tissues are controlled, to a large 
extent, by collagen in its polymeric form. Such properties depend on the 
number of fibers opposing the traction force and their mechanical properties 
and architectural organization (Lapière and Nusgens 1976). In most studies, 
the collagen mass per dry weight tissue mass (collagen concentration) has 
been used to relate the amount of collagen to the mechanical properties (Amiel 
et al. 1982, Vogel 1974). Because mechanical properties, such as the tangent 
modulus and the strength, are independent of the length and the cross-
sectional area, a correlation with the amount of collagen per unit volume of 
connective tissue might prove more useful (Harkness 1968). Furthermore, it 
has become clear that the biochemical and biomechanical properties of 
tendons (Amadio et al. 1992) and ligaments (Frank et al 1988, Woo et al 
1983) vary internally This inhomogeneity indicates that collagen density 
should be quantified at different locations within these structures. 
The purpose of this study was to evaluate a method to determine the 
distribution of collagen mass per unit of volume in fibrous tissues by estima 
tion of the measurement error variance, which refers to both the repeatability 
and the precision of the method. The question was whether variations in 
collagen density within these tissues can be detected despite the measurement 
error variance. 
MATERIAL AND METHODS 
We obtained the tendon of the musculus flexor digitorum superficialis of 
the third finger of a hand from an elderly person whose age and sex were 
unknown The hand had been kept frozen at -20CC since immediately after 
death until the time of usage. A small segment, 3 cm long, was excised from 
the tendon, just proximal to the chiasma tendineum. The tendon was placed in 
a box filled with water containing 3% saccharose to facilitate division of the 
tendon longitudinally, wi th a freeze microtome, into 1 mm thick slices (Fig 
2.1). The box was surrounded with dry ice in acetone, so that the tendon was 
quickly embedded in ice. At each location, three successive samples (a, b and 
c) were used for further analysis. The remaining tissue between sample locati-
ons was not analyzed. 
At each side of a sample, a 20 μπη slice was cut from the ice-block while 
the slice remained fixed to a special adhesive tape, to prevent the thin slice 
from rolling up and distorting. Attached to the tape, the slices were colored 
wi th a Mallory/Cason staining. The areas of the slices were measured wi th a 
graphics-image analyzer (MOP Videoplan, Kontron Elektronik GmbH, Eching 
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München, Germany). The mean area of two slices adjacent to a sample was a 
measure for the volume of that particular sample. 
The samples were washed to remove the saccharose and were freeze-dried 
overnight. The dry weights (1,000 - 2,000 //g) were determined with a balan-
ce (Mettler AE240; Mettler Instrumenten BV, Tiel, The Netherlands) (repro-
ducibility 20/yg). Next, the samples were hydrolyzed in 6 N HCl for 16 hours 
at 1 20°C. Aliquots of the amino-acid mixtures generated were processed, wi th 
use of the method of Kivirikko et al. (1967), for the evaluation of the amino-
acid 4-L-hydroxyproline mass as an 
index of the collagen mass. Because 
tendinous collagen contains mainly 
type-l collagen and hydroxyproline 
occupies 10-11 % of the residues of 
type-l collagen (corresponding to a 
mass percentage of about 12.5% 
(Eastoe 1955)), collagen mass can 
be approximated by the hydroxy-
proline mass. A conversion factor 
was not determined in this par-
ticular tendon, so the collagen con-
tent of a sample was expressed in 
terms of the hydroxyproline concen-
tration (the ratio between the hy-
droxyproline mass and the total dry 
weight tissue mass), as well as in 
terms of the hydroxyproline density 
(the ratio between the hydroxypro-
line mass and the volume). From 
each of the seven locations (Fig. 
2.1), two samples (a and b) were 
analyzed on one day and one 
sample (c) was analyzed on another 
day in order to determine the 
temporal variation, or repeatability. 
This is an important aspect if many measurements are required, which can not 
be made on the same day. 
A one-way analysis of variance (ANOVA) was performed to study the 
interlocation and intralocation variations in the hydroxyproline mass, volume, 
hydroxyproline concentration, and hydroxyproline density. Whether differences 
between locations are statistically significant depends on the ratio between the 
interlocation variation and the intralocation variation, and on the sampling 
frequency. Additionally, a Kruskal-Wallis test was performed. The results of 
the two analyses were compared to determine if the intralocation variance was 
• 
FIG. 2.1. Schematic representation of the 
division of the tendon piece in samples. The 
white samples were not analyzed. Samples 
a and b were analyzed on the same day, 
and c, at a later date. 
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different among locations. If so, one cannot calculate an overall value for this 
parameter. 
The mterlocation variation or variation of interest (g) was estimated from 
the variation among the locations for each variable. The overall intralocation 
variability is directly related to the measurement error variance, which was 
estimated from the mean square error within each location. Two aspects of 
the measurement error variance, indicating precision ê, and repeatability ê2, 
were expressed as the root mean square error of the sample values a and b 
and of the sample values b and c, respectively, for each parameter· 
(=1 
nb
+nc 
where Va, Vb and Vc the parameter values for samples a, b and с at the seven 
locations, na, nb and nc the number of samples a, b and с at the seven 
locations. 
RESULTS 
Values for hydroxyprolme mass, volume, hydroxyprohne concentration and 
hydroxyproline density varied among the locations (Fig. 2.2). The one-way 
ANOVA revealed that the mterlocation variation was significantly higher than 
the intralocation variation for hydroxyprolme mass, volume and hydroxyprolme 
density (p < 0.05), but not for the hydroxyprolme concentration (p > 0.05) 
(Table 2.1 and Fig. 2.2). 
The Kruskal-Wallis test resulted in the same conclusions, indicating that the 
intralocation variation was not different among locations. Thus, it was possible 
to calculate an overall measurement error. The intralocation variation or 
measurement variance, expressed as a percentage of the mean parameter 
value, ranged from 3 . 1 % (hydroxyproline concentration) to 5 . 1 % 
(hydroxyproline mass). The precision (ê,) was about 5% for all variables, and 
the repeatability (ê2) ranged from 1.5% (volume) to 4 .3% (hydroxyprolme 
mass) (Table 2.1). 
Y,w.-vb)i 
na+nb 
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Hydroxyproline Mass [μς] 
3 4 
location 
FIG. 2.2. The interlocation 
and intralocation for the 
four variables. The error 
bars represent ± SEM; 
η = 3 at each location. 
TABLE 2.1. The mean and intralocation and interlocation variation of the variables. 
The intralocation variation is an estimation of the measurement error variation ê, 
which is composed of variation concerned with precision (ê,) and variation concerned 
with repeatability (ê2). The interlocation variation (gl is an estimation of the variation 
along the tendon. The variations are expressed in absolute values with the 
percentages of the mean value in parentheses. 
Mean ê, 
Hs[/yg] 
Vs |mm3] 
H5/M5[%] 
Hs/Vs I f f l /mmì 
417.7 20.4(4.9%) 18.0(4.3%) 21.4(5.1%) 39.4(9.4%) 
10.6 0.6(5.3%) 0.2(1.5%) 0.5(4.5%) 1.2(11.1%) 
11.8 0.5(4.2%) 0.4(3.0%) 0.4(3.1%) 0.4(3.1%) 
39.5 1.9(4 7%) 1.5(3.8%) 1.5(3.9%) 4 9(12.3%) 
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DISCUSSION 
In order to assess a method for the determination of collagen density 
distributions in fibrous tissues, the measurement error variation, composed of 
a variation component indicating the precision and a variation component 
indicating the repeatability of the method, was determined in this small 
preliminary study. The precision and the repeatability were similar for all 
variables ( < 5%), indicating that no additional variance was introduced by 
measurements at different times. Despite the measurement error variance and 
the small sample size, the prediction of the parameter values at each location 
was precise enough to detect variations among locations, except for variations 
in hydroxyprohne concentration. For the hydroxyproline concentrations, the 
differences among locations were too small (compared with the measurement 
error) to be detected. Differences in local hydroxyprohne density can, 
however, be determined with the applied sample frequency and a measure-
ment error of 3.9%. 
A limitation of this study is that it involved only one tendon of one human 
cadaver, for which the exact characteristics were not known. This makes 
generalization or external validation of the absolute parameters impossible. The 
external validity of the method could not be evaluated, because of the absence 
of a defined standard for collagen density. However, it was not our aim to 
determine the collagen density distribution m a human tendon but rather to 
test a method to collect such data in future studies and to perform relative 
comparisons 
Additionally, the method has a number of limitations. First, the conversion 
of the amount of hydroxyprohne in the amount of collagen varies in different 
tissues, and a parallel study on collagen typing in the particular tissue should 
be performed if this conversion factor is required. In fact, collagen density 
cannot be determined with the methodology described. With the assumption 
that the conversion factor is constant in the tissue studied, however, relative 
differences in hydroxyprohne mass provide an estimate for relative differences 
in collagen mass. Furthermore, it must be taken into account that 4-L-hydroxy 
proline is not specific for collagen and also is identified in small proportions in 
other proteins, such as elastin. In addition, 1 % of the amino acid residues in 
type-l collagen (3-L-hydroxyprolme) cannot be measured with the described 
method. With the assumption that the amount of elastin and 3-L-hydroxy-
prohne are constant throughout fibrous tissues, these points are not relevant in 
the consideration of differences in collagen density. Another limitation is the 
embedding of the specimen in ice water containing 3% saccharose, a step 
which can affect the volume of the fibrous tissue due to osmotic hypotonic 
effects. The osmotic gradient (0.09M vs 0 15M) is negligibe, however, and 
the number of cells for which osmosis can have destructive effects (lysis) is 
small in fibrous tissues. 
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As far as we know, there are no records of hydroxyproline or collagen mass 
per unit volume in tendons and ligaments. Hence, a comparison wi th values 
from the literature is not possible. However, overall values for hydroxyproline 
and collagen concentrations were obtained for tendons in other studies, with a 
method also based on the measurement technique described by Kivirikko et al. 
(1967). For example, Amiel et al. (1984) found hydroxyproline concentrations 
of 1 0 . 5 % and 1 0 . 3 % in the patellar tendon of the right and left knee of the 
rabbit, respectively. A possible explanation for the lower concentrations in 
comparison wi th our results (11.8% ± 0.4%) is that a different kind of 
tendons was analyzed or that the ages and histories of the donors differed. As 
mentioned before, more tendons must be measured to generalize the absolute 
measurement values. 
The method can be applied to map collagen density distributions in human 
knee ligaments. The combination of these data with variations in mechanical 
properties described in the literature will make it possible to investigate 
whether there is a relationship between collagen density and mechanical 
properties. 
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CHAPTER 3 
Nonuniform distribution of collagen density 
in human knee ligaments1 
T.J.A. Mommersteeg, L. Blankevoort, J.G.M. Kooloos, 
J C M Hendriks, J.M.G. Kauer and R. Huiskes 
ABSTRACT 
It is generally recognized that the mechanical properties of soft connective 
tissues are affected by their structural components. We documented collagen 
density distributions in human knee ligaments to quantify differences in 
collagen density within and between these ligaments. In order to explain the 
variations in mechanical properties within and between different knee liga-
ments as described in the literature, the distributions of collagen density were 
correlated with these biomechanical findings. Human knee ligaments were 
shown to be nonhomogeneous structures with regard to collagen density. The 
anterior bundles of all ligaments contained significantly more collagen mass per 
unit of volume than the posterior bundles did. The percentage differences 
between the anterior and posterior bundles in relation to the posterior bundles 
were about 2 5 % for the anterior cruciate ligament (ACL) and the collateral 
ligaments (MCL, LCD and about 10% for the posterior cruciate ligament (PCL). 
Along the cruciate ligaments, the central segments had higher collagen 
densities than did the segments adjacent to the ligament insertions (ACL: 9%, 
PCL: 24%) The collagen density in the ACL was significantly lower than in 
the other ligaments. These variations within and between the ligaments 
correlate well wi th the variations in mechanical properties described in the 
literature. However, other structural differences have to be taken into account 
to fully explain the variations in mechanical properties from the structural 
components. 
1
 Reprinted from the Journal of Orthopaedics 12 238-245, 1994 
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INTRODUCTION 
Variations in structure and function between different knee ligaments as 
well as within individual knee ligaments have been described in other studies. 
Newton et al. (1990) observed in rabbits at a scanning electron microscopic 
level, for example, that the medial collateral ligament (MCL) had a more dense 
appearance than did the anterior cruciate ligament (ACL). Hart et al. (1992) 
measured in rabbits a 10 % higher subfascicular area fraction for the MCL 
than for the ACL. These structural differences can partly explain the twofold 
higher modulus measured in the MCL than in the ACL of the rabbit (Woo et al. 
1992). Yahia and Drouin (1988) observed two structurally distinct regions 
within the human ACL: a posterior band composed of small single fascicles 
embedded in loose connective tissue and an anterior band formed of dense 
and thick fascicles. Corresponding to these structural differences, the anterior 
bundles of the anterior cruciate ligament developed significantly higher moduli 
than the posterior bundle did (Butler et al. 1992). Moreover, both the structure 
and the mechanical properties of the ACL vary along its length. Its composition 
changes toward the bone insertions, with the amount of membranous tissue 
and the number of interstitial cells increasing relative to the amount of 
collagenous tissue (Clark and Sidles 1990). This structural difference might be 
correlated with the reported observation, during a tensile test, that the strains 
near the proximal and distal insertions of the ACL were significantly higher 
than the strains in the middle regions for all stress levels (Butler et al. 1990). 
These data suggest that the mechanical properties of ligaments are 
dependent on structural constituents that are not distributed uniformly. 
Collagen fibrils provide the major resistance against mechanical loading, 
therefor, changes in the amount of collagen fibrils per unit of volume were 
expected to influence the mechanical properties of ligaments The purpose of 
this study was to investigate whether the variation in mechanical properties 
along and across as well as between the different human knee ligaments could 
be explained by a variation in collagen density - that is collagen mass per unit 
of volume. To quantify the relative differences in collagen mass per unit 
volume, collagen density distributions were determined for the ACL, the 
posterior cruciate ligament (PCL), the MCL and the lateral collateral ligament 
(LCD of four human knee joints. The results were discussed in the light of 
previous biomechanical findings. Furthermore, the variations of collagen mass 
and volume along the ligament bundles were analyzed in order to explain the 
specific variations in collagen density. 
FIG 3.1. Subdivision of the knee ligaments into anterior (*) and posterior (o) 
bundles A. Lateral Co/lateral Ligament, lateral view B· Medial Collateral Ligament, 
medial view C. Anterior Cruciate Ligament, anterior view D. Posterior Cruciate Liga-
ment, posterior view 
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MATERIAL AND METHODS 
Four right knee joints were obtained from human donors (age 61-81 years, 
average 69 years). As far as it is known, the specimens were not affected by 
diseases that influence the biochemistry of the ligaments. All knee specimens 
appeared normal by radiography and manual examination The joints were 
double-wrapped in plastic bags and stored in a freezer (-20CC) At the time of 
usage, each knee specimen was removed from the freezer and thawed 
overnight at 10-15°C. The LCL was exposed and was isolated from the 
surrounding tissues, such as the biceps femons tendon, the peroneus tendon, 
the pophteus tendon and the joint capsule. In addition, the superficial part of 
the MCL was exposed and carefully detached from the joint capsule, the 
semimembranosus tendon, the posterior oblique ligament and the medial 
meniscus. Nonligamentous tissue was removed from these ligaments, as well 
as from the ACL and the PCL, by careful scraping and dissection under a 
stereomicroscope, so that the fibers were always clearly visible. The femur 
was split into four parts, the fibula was separated from the tibia, and the tibia 
was cut into three parts; thus one bone ligament-bone preparation was created 
for each ligament. The collateral ligaments and their accompanying bone 
blocks were each divided into an anterior and a posterior bone-bundle-bone 
preparation, wi th great care being taken to follow the fiber orientations during 
dissection For the LCL, the anterior and posterior parts were of equal width 
(Fig. 3.1a), for the MCL, the anterior part was parallel-fibered and the posterior 
part was obhque-fibered (Fig. 3.1b) (Warren and Marshall 1979). With the 
same caution, the cruciate ligaments were divided into bone-bundle-bone 
preparations. The ACL was subdivided into an anteromedial bundle (AMB) and 
a posterolateral bundle (PLB, Fig. 3.1c) (Buck 1985, van Dijk 1983), and each 
of these bundles was dissected into an anterior and a posterior part The PCL 
was cut into a posteromedial bundle (PMB), including the reinforcing band, and 
an anterolateral bundle (ALB; Fig. 3.1d) (van Dijk 1983) All bundles, ten for 
each knee joint, were wrapped separately in saline-moistened tissues 
immediately after preparation. 
After subdivision of the ligaments into bundles, the bundles were divided in 
the proximo-distal direction into samples To minimize water loss, individual 
bundles were quickly frozen wi th dry ice. To prevent disturbance of the 
geometry of the ligament, the bundles were cut off the bones in the frozen 
state, wi th a knife To prevent thawing, each frozen bundle was embedded 
quickly into almost-frozen water The ice blocks were kept at 70°C until the 
time when they were sliced with a freeze microtome. The bundles were then 
subdivided into samples of 1 mm thickness For knee specimens 1 and 2, only 
one sample per 5 mm was used for further analysis For knee specimens 3 and 
4, however, three successive samples per 5 mm were analyzed. 
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To perform volume measurements, a twenty-micron slice was cut at each 
side of a sample from the ice block. This slice remained fixed to adhesive tape 
during cutting to prevent the slice from rolling up and distorting. Attached to 
the tape, the slices were colored with a Mallory/Cason stain. The areas of the 
stained slices were determined by two observers wi th the aid of a graphics 
image analyzer (MOP Videoplan, Kontron Elektronik GmbH, Eching-Mùnchen, 
Germany). When these duplicate measurements differed by more than 5%, a 
third measurement was done The mean of these duplicate or triplicate 
measurements was considered to be the cross-sectional area of a slice. The 
volume of each sample (Vs) was defined as the mean cross-sectional area of 
the two slices bordering the sample, or cross-sectional area of the sample, 
multiplied by the thickness of the sample. 
For quantification of the mass of the ammo-acid 4 L-hydroxyprohne (Hs) as 
an index of collagen mass, the samples were processed in duplicate according 
to the procedure described by Kivinkko et al. (1967). Because the conversion 
factor determining the linear relationship between hydroxyproline mass and 
collagen mass was not determined for these ligaments, collagen content was 
expressed in terms of hydroxyproline density, determined from the ratio Hs/Vs. 
If the conversion factor is constant for human ligamentous tissues, relative 
differences in hydroxyproline density provide an estimate for relative 
differences in collagen density The overall precision of the method is about 
5% for the parameters Vs, Hs and Hs/Vs (Mommersteeg et al 1 993). 
The data on hydroxyproline density of the samples were grouped along 
each ligament bundle into proximal, proximal central, distal central and distal 
segments (Fig. 3.2) A segment was defined as one of the four pieces along 
FIG 3.2. Schematic representation of a 
ligament divided into segments and bundles, in 
this case an anterior (a) and a posterior /p) 
bundle and four segments, from femur to tibia 
(1 = proximal segment, 2 = proximal central 
segment, 3 = distal central segment, and 4 = 
distal segmenti The maximal lengths of the 
bundles are identical in this schematic 
representation, and thus the sections between 
the segments are at the same horizontal level Segment 
Femur 
Tibia 
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the length of a ligament bundle of which the length is one-fourth of the length 
of the specified bundle. A four-way analysis of variance (ANOVA), including 
higher order interaction terms, was performed in order to study inter-ligament 
variation. To gain more insight into the intra-ligament variation, a three-way 
ANOVA was performed separately for each ligament. In these latter analyses, 
the dependent variable was the hydroxyprolme density and the independent 
variables were knee specimen (four levels), segment (four levels), and bundle 
(ACL, four levels; other three ligaments, t w o levels). The first order interaction 
terms were included in the model. Of particular interest was the interaction 
between the t w o variables segment and bundle, because it tested for 
differences in intra-bundle density patterns between the bundles. Multiple 
comparisons were performed with Tukey's contrast test. The level of 
statistical significance was set at ρ < 0.05 for all tests 
RESULTS 
Hydroxyprolme density was not distributed uniformly in human knee 
ligaments (three-way ANOVA). The more anteriorly positioned bundles 
contained significantly more hydroxyprolme mass per unit of volume than did 
the more posteriorly positioned bundles in all ligaments (Tukey's contrast test) 
(Fig. 3.3). This was true for the anterior and posterior bundles within both the 
anteromedial bundle and the posterolateral bundle of the ACL as well. The 
percentage differences between the mean of the anterior and the mean of the 
posterior bundles in relation to the mean value of the posterior bundles were 
2 2 , 10, 28 and 2 6 % for the ACL, PCL, LCL and the MCL, respectivily. 
The segment-to-segment variation was not identical for all ligaments and 
for the bundles defined within the ligaments. No overall significant differences 
in mean hydroxyprolme density could be detected along the LCL, as a result of 
the reverse patterns in both bundles (Fig 3.3a). Reverse patterns were also 
seen in the bundles of the MCL (Fig. 3.3b). The mean hydroxyprolme density 
in the distal central segment of this ligament was significantly higher than in 
the more proximal segments (Tukey's contrast test). For the PCL, the central 
segments had significantly higher hydroxyprolme densities than the proximal 
segment (Tukey's contrast test). The mean hydroxyprolme density of the distal 
segment was in between these t w o groups, although it did not differ signifi­
cantly from either groups. This segment-to-segment variation occurred for 
both bundles (Fig 3.3c). A comparable variation was found along the bundles 
of the ACL, for which the mean hydroxyprolme densities were significantly 
higher in the central segments than in both insertional segments (Tukey's 
contrast test) However, this pattern was observed in only three of the four 
bundles (AMBa, PLBa and PLBp) (Fig 3 3d). The percentage differences 
between the mean of the central segments and the mean of the proximal and 
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FIG 3.3. Estimated least-square means of the hydroxyproline density by segment and 
bundle. A. Lateral Collateral Ligament (LCD. B. Medial Collateral Ligament (MCL). С 
Posterior Cruciate Ligament (PCL). D. Anterior Cruciate Ligament (ACL). The bars 
represent segments (1 = proximal segment, 2 = proximal central segment, 3 = 
distal centra/ segment, and 4 = distal segment) of the defined bundles (p = posterior 
bundle, a = anterior bundle, PMB = posteromedial bundle, ALB = anterolateral 
bundle, PLB = posterolateral bundle, and AMB = anteromedial bundle) in each liga­
ment. The size of each bar represents the hydroxyproline density lpg/mm3] (vertical 
axis). The error bars represent the SE. 
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distal segments ¡η relation to the mean of the proximal and distal segments 
were 2 4 % for the PCL and 9 % for the ACL. 
The mean hydroxyproline density differed among the four knee ligaments 
(four-way ANOVA). The mean hydroxyproline density in the ACL (15.1 ± 0.4 
//g/mm3) was significantly lower than that in the MCL, LCL and PCL (18.3 ± 
0.3 //g/mm3, 17.6 ± 0.4¿/g/mm3 and 17.6 ± 0.4 /yg/mm3, respectively). 
Typical for the bundles of the cruciate ligaments, the parameters Vs, Hs and 
Hs/Vs were constant in the middle segments of the bundles (Fig. 3.4, A). Vs 
increased faster than Hs toward the insertions, resulting in a decreasing hy-
droxyproline density (Fig. 3.4, B). Both Vs and Hs decreased close to the 
insertions (Fig. 3.4, C), because in these regions there was a decreasing 
number of fibers. However, the decrease in Vs was slower than the decrease 
in Hs, resulting in a further decrease of the hydroxyproline density. For the 
bundles of the collateral ligaments the hydroxyproline density was constant 
along the lengths of the bundles, because the variations in the parameters V5 
and Hs were the same (Fig. 3.5). 
С В А В С 
- * í -
-*- Vs Hs/Vs Hs 
1 
ACL PLBp spec.4 
FIG. 3.4. A typical variation in the parameters sample volume (VJ, hydroxyproline 
mass of the sample IΗ J, and hydroxyproline density of the sample ÍH/VJ along the 
length of a ligament bundle from segment 1 to 4 (1 = proximal segment, 2 = 
proximal central segment, 3 = distal central segment and 4 = distal segment) taken 
from a cruciate ligament, in this case the posterior part of the posterolateral bundle of 
the anterior cruciate ligament (ACL-PLBpl of specimen 4. Note that in part A, V5, Hs 
and H/Vs are constant; in part B, the increase in Vs is faster than the increase in Hs, 
resulting in a decreasing H/Vs; and in part C, the decrease in Vs is slower than the 
decrease in Hs, resulting in a further decrease of H/V$. 
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DISCUSSION 
In the light of previously reported results on mechanical and structural 
differences between and within human knee ligaments, relative differences in 
collagen density were quantified between and within these ligaments in this 
study. Knowledge of these differences is important in the understanding of the 
previously reported differences in mechanical properties. The variations in 
collagen density corresponded with variations in the modulus between the ACL 
and the MCL (Woo et al. 1992), between the anterior and the posterior bundle 
of the ACL (Butler et al. 1992), between the anterior and the posterior bundle 
of the PCL (Race et al. 1992) and along the lengths of the ACL and the PCL 
(Butler et al. 1990). The ligament (parts), for which the highest modulus was 
found in each of these studies also has the highest collagen density. This 
supports a relationship between the collagen density and the modulus. 
However, the relative variations in collagen density between the MCL and the 
ACL (21%), across the width of the ACL (22%), and across the PCL (10%) 
were not proportional to the relative variations in the modulus (11 7% [Woo et 
LCLa spec.4 
FIG. 3.5. The variation in the parameters sample volume (VJ, hydroxyproline mass of 
the sample IH J and hydroxyproline density of the sample IH/VJ along the length of 
a ligament bundle from segment 1 to 4 Í1 = proximal segment, 2 = proximal central 
segment, 3 = distal central segment, and 4 = distal segment) taken from a collateral 
ligament, in this case the anterior bundle of the lateral collateral ligament (specimen 
4). The variation in Vs and Hs is identical, resulting in a constant H/Vs along the 
lengths of the bundles. 
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al 1992] , 8 3 % [Butler et al. 1992] and 7 1 % [Race et al. 1992], respectively) 
and thus account only in part for the differences in this modulus. This is 
probably due to differences in other structural parameters, such as the fiber 
diameter distribution (Hart et al. 1992, Parry et al. 1978), the fiber orientation 
(Hukins and Aspden 1985), the number of crosslinks (Parry et al. 1978) and 
the amount of glycosaminoglycans (Parry et al. 1978), which affect the 
mechanical properties as well By quantification of both these structural 
parameters and the mechanical properties in mechanically different soft 
tissues, a model can be formulated, in which the variance in mechanical 
properties is explained by the variance in structural parameters of the material. 
Although very speculative, this approach is promising for the determination of 
the role of individual structural parameters in the mechanical behavior of soft 
tissues. 
There were a number of error sources in the measurement techniques 
applied. One was introduced by the definition of the bundles, which may not 
always have been reproducible. Anatomic characteristics could be identified 
only superficially in each of the ligaments to mark borders of the ligament 
bundles defined. The possible internal overlap between one bundle defined in 
one knee specimen and another bundle defined in another knee specimen 
might have obscured actual differences in hydroxyprohne density between 
these bundles A second source of variability concerns the volume determi-
nations Although care was taken to embed the ligament bundles in the ice 
without disturbance of the volume of the bundles, by preparing them in a 
frozen state from the bones, the amount of tension applied to the bone-
bundle-bone preparations during freezing, the effect of freezing, and the 
calculation of the sample height by addition of multiple small dimensions of 
slices could have affected the volume measurements slightly The effects of 
the last two points would be the same for the different ligament bundles 
studied and therefore would not influence the relative differences described. 
The interobserver variation for the area measurements of the slices was 
distributed normally wi th a mode between 0%-0.5%, a mean value of 
approximately - 1 . 2 % and a standard deviation of 3.4%. The main cause for 
the interobserver variations is the fact that the borders of the slices were 
sometimes irregular and indistinct. When a third measurement was performed, 
the precision of the measurements with a high interobserver variation was 
improved. Furthermore, the large amount of area measurements per segment 
would reduce the importance of these stochastic errors. A limitation of the 
study was the fact that the external validity of the absolute hydroxyprohne 
densities presented was small, due to the small number of specimens tested 
and their age. Frank et al. (1988) noted that with skeletal maturity the mass of 
collagen per dry tissue weight increased. However, if the effect of age is the 
same within and between the ligaments of an individual, the quantified relative 
differences within and between ligaments are not influenced. 
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With regard to the mter-hgament variations in collagen density, the data 
show that the ACL contains less collagen mass per unit of volume than do to 
the other three ligaments. This is consistent wi th the subfascicular area 
fractions that Hart et al. (1992) observed m the ACL and the MCL of the 
rabbit. Amiel et al. (1984) found no significant differences in collagen mass 
per dry tissue weight between the rabbit ACL and MCL. Through the combi-
nation of these collagen concentrations with the reported collagen densities, 
the volume content of water might be different between the ACL and the 
MCL, as long as differences in collagen density are assumed to be similar for 
the rabbit and human species 
With regard to the intra-ligament variations, the anterior bundles of the liga-
ments had higher collagen densities than the posterior bundles. Structural 
observations in the literature are in agreement with this observation for the 
ACL (Yahia and Drouin 1988). Also the variation in collagen density along the 
ACL follows trend similar to the structural differences described in literature 
(Clark and Sidles 1990). The variation in collagen mass per dry tissue weight 
measured by Frank et al. (1988) in the MCL, is comparable wi th the variation 
in collagen density along this ligament reported in the present study. The 
highest concentration of collagen was found in the distal central segment and 
the lowest, in the proximal segment 
The variation in Hs/Vs along the length of the bundles, defined in a cruciate 
ligament can not be explained by a constant hydroxyproline mass and an 
increasing volume toward the insertions (Fig. 3.4). Both parameters change in 
the same sense toward the insertions, although not in the same rate, resulting 
in a decreasing hydroxyproline density toward the insertions. 
It can be hypothesized, that the higher collagen density found in the more 
anteriorly positioned bundles in comparison with the more posteriorly positio-
ned bundles is related to the differences in functional loading For the ACL, for 
example, it has been shown that the anterior bundles are loaded more 
frequently and more heavily than the posterior bundles during knee motion, in 
situ (Hollis et al 1988). To resist the higher forces, more collagen per unit of 
volume might be deposited in the anterior bundles, or the anterior bundles 
might have higher cross-sectional areas than the less frequently loaded 
posterior bundles, resulting in higher stiffness properties. In this study, it was 
shown that the collagen density is higher in the anterior bundles than in the 
posterior bundles of the ACL Because of similar distributions of collagen 
density in the other three ligaments, it seems likely that, as in the ACL, the 
anterior parts of these ligaments may also play a more important role in 
resisting loads. 
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CHAPTER 4 
The fiber bundle anatomy 
of human cruciate ligaments1 
T.J.A. Mommersteeg, L. Blankevoort, J.G.M. Kooloos, 
J.M.G. Kauer, R. Huiskes and F.Q.C. Roeling 
ABSTRACT - The cruciate ligaments of the knee consist of numerous fascicles 
of which groups are defined as fiber bundles. The stabilising function of these 
ligaments is established by changes in lengths and orientations of these 
fascicles. Hence, understanding the function of knee ligaments requires 
understanding their three-dimensional fascicle architecture. Hitherto, cruciate 
ligaments were considered functionally as one-dimensional 'ropes' or, at the 
most, as consisting of anterior and posterior parts. It is evident from the 
appearance of these ligamentous structures, however, that fascicles in more 
than two directions are present. In this study, it is determined how many and 
which fiber bundles are minimally needed to preserve the main fascicle 
directions in the ligaments. A thorough anatomical analysis of the cruciate 
ligaments was performed using a three dimensional measuring device. Three 
anterior and three posterior cruciate ligaments were isolated and their fascicles 
measured. Based on these actual fascicle courses, fiber bundles were defined, 
dissected bluntly, and their corresponding insertion sites were measured. 
Finally, the bundle insertion sites were connected into straight-line 
representations in the computer and transformed to the anatomical position of 
the knee, to be useful for functional analyses of the ligaments. It is found that 
6 10 bundles are sufficient to represent the main fascicle directions of the 
ligaments. Although the number of fiber bundles is not identical for all 
ligaments, the femur and the tibia are connected in a rather consistent way by 
these bundles. Even the ways in which the fiber bundles change their 
interrelationship from the femoral to the tibial insertion site are comparable. 
The results serve as a detailed anatomical basis for functional analyses of the 
cruciate ligaments 
1
 Submitted to the Journal of Anatomy 
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INTRODUCTION 
The cruciate ligaments consist of several macroscopically visible fascicles 
Due to the variable orientations of these fascicles, the cruciate ligaments are 
capable of stabilizing the knee in several directions during knee motion. In 
order to understand this complex functional behavior, a precise and complete 
description of the fascicles is required with respect to their spatial orientations 
and their femoral and tibial insertion sites at different knee positions. 
Most authors describe the cruciate ligaments as consisting of two or three 
anatomically distinct groups of fascicles or fiber bundles (Girgis et al 1975, 
Norwood and Cross 1979, Van Dijk 1983, Lembo et al. 1985, Buck 1985, 
Amis and Dawkins 1991) Other authors consider the cruciate ligaments as 
assemblies of fascicles, which can not really be grouped into anatomically 
distinct bundles (Dorlot et al. 1983, Odensten and Gillquist 1985, Fuss 1989) 
There is agreement among authors, however, that these fascicles are not 
uniformly tensed during knee motions To study this complex functional 
behavior of the ligaments, a division of the cruciate ligaments into fiber 
bundles is necessary, whether anatomically distinct bundles are present or not 
For this purpose, the variations in lengths of the different fiber bundles during 
knee motions are determined. Fuss (1989), for example, split the ligaments 
into artificial bundles of fibers and obtained approximations of the variations in 
distances between their insertion sites during knee flexion using 2-D 
radiography. Others derived these so-called 'length patterns' from 3-D 
measurements of the insertion sites of bundles (Odensten and Gillquist 1985, 
Amis and Dawkins 1 9 9 1 , Van Dijk 1983, Butler 1989, Hollis et al 1 9 9 1 , 
Blankevoort et al. 1991) 
Commonly, these length patterns were based on changes in distances 
between the insertion sites of two or three distinct fiber bundles (Wang et al 
1 973, Trent et al. 1976, Van Dijk 1983, Lembo et al 1 985, Blankevoort et al. 
1991). It is, however, questionable whether the function of the cruciate 
ligaments can be described by a change in length of only a few fiber bundles. 
Formerly, it has been shown that a ligament represented by two fiber bundles 
is not capable of stabilizing the knee joint in all positions of the knee 
(Blankevoort et al 1991) Furthermore, from the appearance of the cruciate 
ligaments it is clear that fiber bundles in several directions are present Hence, 
a more detailed and precise description of the insertion sites of the ligaments 
is required 
The aim of the present study was to determine how many and which fiber 
bundles are minimally needed to preserve the main fascicle directions in the 
cruciate ligaments For this purpose, the courses and insertion sites of several 
fiber bundles of these ligaments were assessed using a three-dimensional 
measuring device Secondly, based on the recorded anatomy, line 
representations were obtained by connecting corresponding insertion sites. 
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Finally, these representations were presented in an easily recognizable 
anatomical position of the knee, i.e. the extended anatomical position. These 
representations should provide a detailed basis for functional analyses of the 
cruciate ligaments. 
MATERIALS AND METHODS 
To quantify the anatomic courses of the fiber bundles as well as their 
insertion sites, a three-dimensional digitizer was used (Fig. 4 . 1 , 3Space 
Isotrak, Polhemus Navigation Sciences, Colchester, VT, USA). The digitizer 
consists of a sensor receiving the electromagnetic signals which a source 
transmits. With the digitizer the spatial positions of the tip of a stylus, rigidly 
fixed to the sensor, can be measured with an accuracy of 0 35 mm (Sidles et 
al. 1988). 
The measurements were performed on the anterior cruciate ligaments (ACL) 
and posterior cruciate ligaments (PCL) of three knee-joint specimens, aged 7 1 , 
63 and 89, respectively. These joints were freshly frozen in plastic bags at 
20°C and slowly thawn at room temperature at the time of usage. This 
method of preservation did not markedly affect the arrangement of collagen 
fibrils in connective tissue matrices (Hickey et al., 1979) Each knee specimen 
was radiologically evaluated. Signs of joint pathology were absent 
FIG 4 1 The perspex support in which a ligament is mounted for the measurement 
of its fiber bundle geometry with the aid of 3Space Isotrak SO Source, SE Sensor, 
В bone cement, S Stylus 
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Because it was impossible to approach all macroscopically distinct fascicles 
of both cruciate ligaments at the same time with the stylus tip in situ, the 
cruciate ligaments were isolated as preparations containing the ligaments wi th 
two adjacent bone blocks. These separate preparations allow a near 
anatomical orientation of the ligament in which as many fibers were tightened 
as possible. In this way, impression of the tissue with the stylus was 
prevented during digitization. To obtain a clear view of all ligament fascicles, 
obstructing bone parts and synovium were removed from the preparations. 
Then, they were oriented as described above and fixed at their bony ends with 
the aid of acrylic cement (PMMA) in a perspex support, to which also the 
source was rigidly fixed (Fig. 4.1). 
All measurements were performed three-fold. First, the outlines of the 
whole ligament insertion sites were measured. Then, the courses of the 
superficial fascicles were measured from the femoral to the tibial insertion 
sites, analogous to Butler (1989). Next, fiber bundles were identified as sets of 
fascicles with the same direc-
tions and about the same cross-
sectional areas halfway their 
insertion sites. While being very 
careful to follow the fiber orien-
tations during dissection, each 
bundle identified was separated 
artificially wi th a blunt dissector 
from the rest of the ligament. 
Subsequently, the contour lines 
of both the insertion sites were 
measured with the Isotrak sys-
tem (Fig. 4.2). After the prepa-
ration of the superficial bundles 
from the femur and the tibia, the 
courses of the internal fascicles 
and insertion sites of the inter-
nal bundles of the ligaments 
were recorded as well. 
To obtain functional represen-
tations of the major fascicle 
orientations in the ligaments, 
the geometric centres of the 
bundle insertion sites were 
ca lcu la ted based on the 
recorded data. Corresponding 
centres of insertion sites were 
connected by straight lines. For 
FIG. 4.2. A posterior view of PCL 3 during 
the measurement of the tibial insertion site of 
fiber bundle 2. Fiber bundle 1 has already been 
dissected. Note the oblique course of bundle 5. 
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ACLs, nine lines were defined for knee specimens 1 and 2 and eight for knee 
specimen 3. For the PCLs six, seven and ten lines were defined, respectively. 
The lines were numbered according to the sequence of bundle preparation. 
To serve a data base for future functional studies, it is necessary to transfer 
all bundle insertion sites to a recognizable anatomical position of the knee-joint 
for which the extended knee-joint position was chosen. Therefore, a 
relationship is needed between the bone-ligament-bone preparation mounted at 
the support and the bone-ligament bone preparation in the in situ situation. 
This relationship is represented by the three-dimensional coordinates of at least 
three markers in both bones in both positions. To measure these coordinates, 
a technique called Rontgen Stereophotogrammetric Analysis, was applied 
(Selvik 1974, de Lange et al. 1985). The markers used were radio-opaque 
pellets fixed near the insertion sites of both cruciate ligaments. Rontgen 
stereograms were made of these markers in the extended knee joint as well as 
in the bone-ligament-bone preparations mounted in the support and their three-
dimensional positions reconstructed. Knowing the relationship between the 
different orientations of the ligament insertion sites, it was possible to displace 
the bone-ligament-bone preparations in the in situ orientation afterwards. 
RESULTS 
The fiber courses 
In a lateral view, the fibers of the ACLs fan out towards the femoral and 
tibial insertion sites the ligaments are narrower at their middle and wider near 
their insertion sites (Fig. 4.3a). This fanning is noted for all specimens, though 
it is more evident for specimen 1 than for the other two In a posterior view, 
the tibial insertion sites are broader than the femoral insertion sites, in 
particular for specimen 1 (Fig 4 4a) A cleft is discerned at the posterior 
aspects of all three ligaments, indicating the posterior border between the 
anteromedial bundle and the posterolateral bundle, as was described by Girgis 
et al. (1975) The anterior border between these two bundles is less clear. 
Both the lenghts and the widths of the PCLs are larger than those of the 
ACLs. No marked differences in fiber orientations are found between the three 
PCLs (Fig. 4.5a/4.6a) A slight outward fanning of the fibers is visible in the 
posterior view towards the femoral and tibial insertion sites. Most prominent in 
all three PCLs is the so-called 'reinforcing' bundle (Van Dijk 1983). Its course 
over the posterior surface of the PCL from medial at the femur to lateral at the 
tibia gives the PCL an endorotated appearance (Fig. 4.6a) The fibers which 
insert lateral from this reinforcing bundle at the femur, have also an oblique 
course, although to a lesser extent. The most lateral fibers at the femur shift 
to proximal-anterior at the tibial insertion site (Fig. 4.5a) 
Prox 
Dist 
FIG. 4.3. A medial view of a. the anatomic courses of the fibers as well as of b. 
the straight-lme-representations of the anterior cruciate ligaments of spec. I, II, III 
fixed in the perspex support. P: Posterior, A. Anterior; Prox Proximal; Dist. Distal. 
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FIG. 4.4. A posterior view of a. the anatomic courses of the fibers as well as of b. 
the straight-line-representations of the anterior cruciate ligaments of spec. I, II, III 
fixed in the perspex support M Medial; L Lateral; Prox· Proximal; Dist: Distal 
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FIG. 4.5. A medial view of a. the anatomic courses of the fibers as well as of b. 
the straight-lme-representations of the posterior cruciate ligaments of spec. I, II, III 
fixed in the perspex support P' Posterior; A • Anterior; Prox Proximal, Dist Distal 
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FIG. 4.6 A posterior view of a. the anatomic courses of the fibers as well as of b 
the straight-lme-representations of the posterior cruciate ligaments of spec I, II, III 
fixed in the perspex support M Medial, L Lateral, Prox Proximal, Dist Distal 
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Connectivity maps 
The ways in which the femur and tibia are connected by bundles, the 
connectivity maps, are consistent for the three ACLs in the sense that the 
anterior part of the femoral insertion site is connected to the anterior part of 
the tibial insertion site, the posterior part to the posterior part, the proximal 
part to the medial part and the distal part to the lateral part (Fig. 4.7). In their 
courses, not all fiber bundles which are neighbours at some points do always 
Femur 
Prox. 
Ant. Post. 
Tibia 
Dist. 
Med. 
10 mm 
Ant. Post. 
Lat. 
FIG. 4.7. The femoral and tibial insertion sites of the bundles defined in the ACLs of 
specimens 1, 2 and 3. The insertion sites are numbered according to the sequence of 
bundle preparation. Ant: Anterior, Post: Posterior, Med: Medial, Lat: Lateral, Prox: 
Proximal, Dist: Distal. Note that in particular at the anteromedial side of the 
ligaments, the fiber bundles do not remain neighbours. 
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remain neighbours. For knee specimens 1 and 2, it is noted that the centrally 
inserted fiber bundles at the femur, 6 and 8 respectively, and the most 
anteriorly inserted fiber bundles at the femur, 4 and 3 respectively, are not 
neighbours at the femur, while they are at the tibia. The convergence of these 
fiber bundles at the tibia results in a divergence of the fiber bundles 3 and 5 of 
knee specimen 1, and of fiber bundles 5 and 6 of knee specimen 2. The fiber 
bundles in the posterolateral corner of the ACLs remain neighbours. A 
comparable connectivity pattern of fiber bundles is visible for knee specimen 
F e m u r 
Ant 
P o s t 
Tibia 
1 0 m m 
FIG. 4.8. The femoral and tibial insertion sites of the bundles defined in the PCLs of 
specimens 1,2 and 3 The insertion sites are numbered according to the sequence of 
bundle preparation Post Posterior, Ant· Anterior, Med· Medial, Lat Lateral, Prox 
Proximal, Dist Distal Note that the reinforcing bundles do not remain neighbours 
with the other fiber bundles of the PCLs in their course from the tibia to the femur 
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3, although less clear Clear differences between the overall contour lines of 
the insertion site areas are visible between the three ACLs, in particular for the 
tibial insertion sites. The tibial insertion site of specimen 1 is oval-shaped, wi th 
the long axis in the medial-lateral direction. The insertion site areas of 
specimens 2 and 3 are about horseshoe shaped. The shapes of the femoral 
insertion sites are semi-circular, with the straight edge at the antero-distal 
side. 
The connectivity maps of the three PCLs are comparable with each other 
(Fig. 4.8); the anteriorly inserted fibers at the femur are connected to the 
proximal-anterior part of the tibia and the posteriorly inserted fibers to the 
distal-posterior part of the tibia. Note that the fiber bundles which are inserted 
laterally at the femur shift anteriorly, due to the obliquely inserting fibers of 
the reinforcing bundle in the postero-lateral corner. Because of its oblique 
course, it is clear that the reinforcing bundle does not remain a neighbour of 
the other bundles of the PCL (Fig. 4.8). Just as for the ACLs, the contour lines 
of the overall insertion sites of the PCLs vary. The femoral insertion sites are 
about oval-shaped, with a variable ratio of the medial-lateral to the anterior-
posterior axis. The tibial insertion sites are more or less rectangular. 
Straight-line-representations of cruciate ligaments 
The fiber bundles are represented by straight lines (Fig. 4 3b-4.6b) 
Although the straight-line representations lack the fanning of the ligaments 
toward their insertion sites, the main fiber-directions are well represented 
After transformation of these straight-line representations to their 
anatomical positions in the extended knee joint it can be seen that, in contrast 
to the lines in the bone-hgament-bone preparations, the ACL descents 
anteriorly and medially, in particular at the posterolateral side (Fig. 4 9). The 
PCL descents posteriorly, in particular the anterior fiber bundles (Fig. 4 10), 
and laterally, in particular the reinforcing bundle. 
DISCUSSION 
In the present study, the cruciate ligaments were represented by 6 to 10 
fiber bundles This is more detailed than previously presented. The 
representations are realistic in the sense that they are based on the 
orientations of the fascicles of which the ligament is composed. Hence, the 
main directions of the ligament fascicles are preserved. 
The subdivision of the ligaments into fiber bundles is not based on possible 
layers of fibrous tissue surrounding these bundles. For this reason, the 
identification of the bundles resulted in non-identical subdivisions for the three 
different ACLs, as well as for the three different PCLs. Discerning 
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Proximal 
FIG. 4.9. A medial view of the straight-line representations of the ACL after 
transformation to the extended knee joint. 
Proximal 
Distal 
FIG. 4.10. A medial view of the straight-line representations of the PCL after 
transformation to the extended knee joint. 
54 Chapter 4 
anatomically distinct bundles in the cruciate ligaments is in congruence with 
Odensten and Gillquist (1985), Fuss (1989), Welsh (1980) and Dorlot (1983). 
It is, however, in contrast with authors who described two or three 
anatomically distinct bundles (Dawkins and Amis 1985, Norwood and Cross 
1979, Girgis et al. 1975). 
Although the number of fiber bundles varied between the ligaments, the 
way in which the tibial insertion site was connected to the femoral insertion 
site was consistent for the different ACLs as well as for the different PCLs. 
This indicates common distributions of fascicle directions in the cruciate 
ligaments. In this case, it is possible to predict where fibers originating at the 
tibia should attach at the femur. This allows the use of the connectivity maps 
of one ligament for other ligaments as well, as was performed by Fuss (1 991 ). 
Roughly, Fuss (1989) found similar connectivity maps as in the present study, 
in the sense that the bundles originating most anteriorly insert most anteriorly 
at the femur and those originating most posteriorly are inserted most 
posteriorly. However, no mention was made by Fuss (1989) of two 
phenomena clearly seen in the present study, namely the changing 
interrelationship of the fiber bundles from the femoral to the tibial insertion site 
and the differences in the shapes of the insertion sites. 
For functional analyses of the cruciate ligaments, length patterns are 
usually derived from the changing positions of the insertion sites of the fiber 
bundles in the knee-joint (van Dijk et al., 1983). Therefore, it is necessary to 
know how the straight-line representations are oriented in the various 
anatomical positions of the knee-joint. Rontgen Stereophotogrammetric 
Analysis allows this transformation. Because of the high precision of Rontgen 
Stereophotogrammetric Analysis (de Lange et al. 1990, Blankevoort et al. 
1988), the geometry measurements can be transferred to the anatomical 
situation wi th hardly any loss of precision. The advantage is that the 
measurements of the bundle insertion sites can be performed in a more 
comfortable situation than in the in situ situation. Ligament inaccessibility is 
avoided. 
The anatomy-based connectivity maps obtained are very important for the 
selection of insertion points in functional analyses of the cruciate ligaments. 
They provide, for example, a detailed basis for line representations of these 
knee ligaments in mathematical knee-joint models with which these functional 
analyses can be performed (Hefzy and Grood 1988, Blankevoort et al. 1991 , 
Huiskes 1992, Hirokawa 1993). Furthermore, the information about the 
organisation of the fiber bundles is useful to construct a structural analogy in 
the design of cruciate ligament prostheses, while the knowledge about the 
insertion sites of the bundles is critical for the proper positioning of these 
prostheses. 
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CHAPTER 5 
The effects of variable relative insertion orientation 
of human knee bone-ligament-bone complexes 
on the tensile stiffness' 
T.J.A. Mommersteeg, L. Blankevoort, R. Huiskes, 
J.G.M Kooloos, J.M.G. Kauer and J C M . Hendriks 
ABSTRACT - In order to evaluate the contribution of the knee ligaments to the 
restraint of joint motions, knowledge about their structural properties is 
required. Due to the variable relative insertion orientation of the ligaments 
during knee motion, however, different fiber bundles are recruited, each wi th 
their specific mechanical properties. Hence, the structural properties vary as a 
function of knee motion. For this reason, a relationship between the structural 
tensile properties and the relative insertion orientation is required in order to 
define the role of the ligaments in knee mechanics In the present study, this 
relationship is determined by performing series of tensile tests in which the 
relative orientations of the insertion sites of human knee bone-ligament-bone 
preparations were varied systematically. The experimentally obtained stiffness 
was significantly affected by the relative orientation of the insertion sites, but 
more profoundly for the anterior and posterior cruciate ligaments (ACL and 
PCL) as compared to the medial and lateral collateral ligaments (MCL and LCL). 
The average decreases in stiffness per 5 degrees tilt of the insertion sites were 
estimated at -11.6 ± 3.5 N/mm (ACL), -20.Э ± 2.7 N/mm (PCL), 2.6 ± 0.9 
N/mm (MCL) and -3 7 + 0.3 N/mm (LCL). For the PCL and the MCL these 
changes in stiffness with tilt were rather insensitive to the side of the femoral 
insertion site which was lifted. The ACL and the LCL, conversely, displayed 
significant differences in stiffness changes between the different tilt directions. 
It is shown that the results of ligament tensile tests, particularly of the cruciate 
ligaments, are extremely sensitive to the orientation of the specimens in the 
loading apparatus. Since there is bound to be variation in ligament orientations 
in earlier tensile studies, the variation in properties reported can be explained. 
It is concluded that the functional roles of the ligaments, particularly of the 
cruciate ligaments, vary considerably during knee motions. Hence, functionally 
speaking, there is no such thing as 'the ligament stiffness'. 
1
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INTRODUCTION 
Knowledge of the tensile properties of human knee ligaments is a 
prerequisite for kinematic analyses of the human knee aimed at the 
determination of the role the ligaments play in joint function. Moreover, these 
data are needed for the selection, design and evaluation of ligament 
replacements. For these purposes, the tensile properties of human knee 
ligaments have been evaluated by tensile tests by many authors, particularly of 
the cruciate ligaments (Noyes and Grood 1976, Trent et al 1976, Prietto et al. 
1988, Claes et al. 1976, Wasmer et al. 1987). These studies have reported a 
high variability. This can be partially explained by differences in age and 
activity level of the specimen donors and by technical causes (Viidik 1973, 
Butler et al. 1978). Another potential cause of variability between the different 
studies is the bone-to-bone angle of the ligaments relative to the tensile 
direction. In more recent studies it has been demonstrated that the orientation 
of the femur relative to the tibia, and the direction of the loading axis relative 
to the ligament axis, are important factors in the determination of the tensile 
properties for the anterior cruciate ligament (ACL) (Figgie et al., 1986 (dog); 
Woo et al., 1987 (rabbit); Hollis et al., 1987 (human and pig). Roux et al., 
1986 (rabbit); Lyon et al, 1989 (pig), Rogers et al., 1990 (sheep); Woo étal, 
1991 (human)). If the ACL was loaded along the ligament axis, higher 
stiffnesses were found than if loads were applied along the tibial axis. The 
stiffnesses tended to reduce with increasing knee flexion angle This was 
explained by the nonuniform loading patterns of the fibers as the fibers of the 
ACL are arranged in an anatomically complex fashion. No variations in tensile 
properties due to variations in the geometric orientation have been reported for 
the collateral ligaments, nor for the posterior cruciate ligament (PCL) 
During knee motions the configurations of the knee ligaments change 
(Girgis et al. 1975, Butler et al. 1988, Poliacu Prose et al 1988). As a result, 
the ligament structural properties vary as well In order to estimate the 
ligament forces from their deformations in different relative insertion 
orientations occurring during knee motions, a relationship between the relative 
insertion orientation and the ligament structural properties is thus required. The 
purpose of the present study was to determine the tensile stiffness of human 
knee ligaments as a function of the relative orientation of their insertion sites. 
Two additional questions were addressed. First, whether the susceptibility of 
tensile stiffnesses to insertion rotations vary wi th the type of ligament and, 
second, whether they depend on the direction of the rotations. In order to 
answer these questions, human bone-ligament-bone preparations of the medial 
collateral ligament (MCL), the lateral collateral ligament (LCD, the anterior 
cruciate ligament (ACL) and the posterior cruciate ligament (PCL) were 
subjected to a series of subultimate tensile tests in which the tilt of the 
femoral insertion site relative to the tibial one was varied systematically. 
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MATERIALS AND METHODS 
Five fresh cadaveric knee-joints were obtained from five human donors 
(aged 63 to 81 years, average 69). The high age of these donors does not 
influence the relationship between specimen orientation and tensile stiffness, 
because the effects of age and specimen orientation on tensile stiffness were 
shown to be independent (Woo et al. 1991). All knee-joints appeared free from 
signs of osteoarthntic changes or bone abnormalities at radiography. The knee 
specimens were stored at -20CC in plastic bags At the time of usage, the 
knee-joints were thawed at room temperature in the bags. This procedure does 
not markedly affect the mechanical properties of fibrous tissues (Woo et al 
1986). 
After removal of the skin, muscles and joint capsule, the bones adjacent to 
the insertion sites of the MCL (defined as the parallel fibers of the superficial 
part of the medial collateral ligament), the LCL, the ACL and the PCL were 
marked with at least 5 tantalum pellets (0.5 mm diameter). These pellets were 
used to determine the relative rotations and translations of the femoral and 
tibial/fibular insertion sites with Rontgen Stereophotogrammetric Analysis 
(RSA, Selvik 1974) in the tests. The pellets were placed in small holes, made 
with a dentist's drill in the bone, and covered with a small dot of tissue glue 
(Histoacryl, B. Brown AG, Melsungen, FRG) Subsequently, the ligaments were 
isolated as bone ligament bone units (BLB), using a reciprocating saw (Micro-
aire, Valencia, California) Care was taken that each bone block contained 
enough tantalum pellets to locate the block in space (a minimum of three). 
Ш 
FIG 5 1 Schematic representation 
showing a cross-section of a bone-
ligament bone preparation, with in the 
bones the О 5 mm pellets, fixed in a 
mold This mold is specially designed 
to position the insertion sites of the 
ligament in the mold-center as good as 
possible and to tense the ligament 
fibers as uniformly as possible in the 
initial orientation When this was 
achieved, the bones were potted in 
two tiers polymethylmethacrylate (A 
and B) 
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In order to improve the grip of the specimens during experimental testing, 
each bone block was embedded in polymethylmethacrylate (PMMA), using a 
two-tier mold (Fig. 5.1). This mold was specially designed to position the 
insertion sites of the ligament as good as possible in the mold-centre which 
corresponds to the intersection-point of the tilting axes in the experimental set-
up and to orient the bones such that, by visual examination, as many ligament 
fibers were tensed as possible Note that this is not necessarily an anatomical 
orientation of the ligament. Holes were drilled in the bones and the bone 
blocks were tr immed, insuring good mechanical interlock with the PMMA. 
After unmolding, some of the ligaments were immediately refrozen at -20°C in 
separate plastic bags, others were used directly for experimental testing. 
The BLB preparations were positioned in a specially designed loading rig 
(Fig. 5.2) in a material testing machine (MTS, Berlin, Germany) The PMMA 
blocks were fixed by screws in steel pots (a) The parts of the PMMA block 
containing the bones (b) were free from the steel pots to insure the free 
transmission of the Röntgen beams for the RSA measurements of the 3-D 
kinematics of the bone blocks during experimental testing The tibial fixation 
pot was attached to a load cell (c), measuring the axial loads. Alignment of the 
ligament wi th the tensile direction was achieved by moving the load cell in the 
anterior-posterior and medial-lateral directions, perpendicular to the loading 
axis, wi th the aid of an X-Y table (d). The femoral and tibial bone blocks were 
visually aligned by axial rotation of both pots and fixed in this relative position. 
The initial relative orientation of the bones (Init., Fig. 5.3) was created in this 
way. A device (e), attached between the pot containing the femoral bone 
block and the actuator of the testing machine (f) enabled tilting of this bone-
block around axis g. By a same axial rotation of both pots, tilting around other 
axes was also possible. All these axes intersected in the center of the femoral 
insertion site of the ligament. In this study only two perpendicular axes, a 
medial lateral axis and an anterior-posterior axis, were used By tilting around 
the medial-lateral axis up to 25 degrees maximally, in increments of at least 5 
degrees, the anterior and posterior sides of the femoral insertion sites were 
lifted up, which was called the anterior (A1 through A5 , Fig. 5 3) and posterior 
tilt direction (P1 through P5, Fig. 5 3), respectively. By a similar stepwise tilt 
around the anterior-posterior axis, the medial and lateral sides of the femoral 
insertion site were lifted up, which was called the medial (M1 through M5, Fig. 
5.3) and lateral tilt direction (L1 through L5, Fig. 5 3), respectively. A 
conductor (h) prevented the device from axial rotation during tensile testing. 
For each ligament, with the exception of the MCL of knee specimen 1, 
tensile tests were performed in a number of the tilted positions, starting every 
tilt direction with a newly adjusted initial orientation of the bones (Fig 5 3, 
center), with the aid of the Χ Y table. We varied the order of tilt directions 
between the different ligaments to reduce bias. A selection of the tilted 
positions had to be made for most ligaments, because of time and physical 
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FIG. 5.3. Schematic diagram showing the different relative insertion orientations 
Starting from a initial orientation of the bones (Init.I, tilt was performed clockwise and 
anti-clockwise around the medial-lateral axis in steps of 5 degrees up to a maximum 
of 25 degrees, resulting in an anterior (A 1 through A5) and a posterior tilt direction 
(P1 through P5) as well as around the anterior-posterior axis, resulting in a medial 
(Ml through M5) and a lateral tilt direction (LI through L5). For three of these 
orientations, A4, Init. and P3, the tensile tests performed are shown 
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restrictions Finally, the first test was reproduced with the aid of the X-Y table 
settings. In this way, it was possible to detect possible failures of fibers 
(which occurred in t w o ligaments), or failure of bone (which occurred in three 
cases). In each test, a preload of 2 N was applied on the bone-hgament-bone 
unit. This was called the zero force position. Subsequently, ten loading cycles 
were performed to obtain reproducible load-displacement characteristics 
(preconditioning). For the cruciate ligaments, the maximal actuator 
displacement was about 1 0 % of the initial length, which was approximated 
with the aid of vernier calipers, and for the collateral ligaments about 7 % of 
the initial length. These moderate displacement levels were chosen to prevent 
irreversible damage to the ligament in certain orientations (Claes et al 1987, 
Butler et al. 1992). The strain rate was about 66%/sec. The precise relative 
orientations and translations of the bones were measured with RSA. For that 
purpose, t w o double exposures of the BLB preparations were taken of the last 
cycle of each test, one at the zero force position and one at the maximal force 
position (Fig. 5.3). The testing process takes about t w o hours per ligament. 
Because the ligaments were kept moist by frequently spraying with 0 . 9 % 
saline solution during the testing process and the ligaments were wrapped in 
saline-moistened gauze between the tensile tests, as well as during the 
preparation, tissue degradation was not expected in this time period (Vndik 
and Lewin 1966). 
Because of registration errors 
for t w o ligaments, twelve liga­
ments remained for data proces­
sing, of which three ACLs, four 
PCLs, three LCLs and t w o MCLs. 
In order to determine the stiff­
nesses of these ligaments in a 
specific relative orientation of 
the insertion sites, the sample-
force-registrations of the five last 
cycles were synchronized into 
one force-displacement curve, 
using the RSA displacement data 
of the last cycle, the sample 
frequency and the signal fre­
quency. In this force-displace­
ment curve, the stiffness К was 
determined by means of linear 
regression of the data between 6 
and 7 percent strain, in which 
strain is the displacement divided 
by the zero force length of the 
Stiffness [N/mm] 
FIG. 5 4 The mean stiffnesses [N/mm] 
t± standard deviation) measured in the 
initial orientations ID = knee specimen η 
= number of initial orientations 
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ligament. This zero force length is defined as the maximal distance between 
the geometric centers of the insertion sites for all zero force positions of the 
ligament. To determine the 3 D positions of these geometric centers, the 
outlines of the insertion sites were marked with additional tantalum pellets 
after tensile testing and RSA was performed The strain rates and strain levels 
of each ligament were recalculated using the more precisely defined zero force 
lengths. 
To test if the stiffness is affected by varying the tilt of the femoral insertion 
site, a one-way analysis of covanance was performed for each ligament 
separately, in which the stiffness is the dependent variable, the tilt is the 
covanate and the tilt direction is the independent classification variable. Both 
log-transformed and untransformed stiffness data were analyzed. However, 
because transformation of the data did not change the conclusions obtained, 
only the results of the analyses of the untransformed data were presented 
Estimates for the increase or decrease in tensile stiffness per ti lt step of 5 
degrees were obtained for each ligament and for each tilt direction of each 
ligament The level of statistical significance was set at ρ = 0.05 
RESULTS 
The mean zero force lengths of the 
ACL, PCL, MCL and LCL were 35 5 ± 
4 5 mm, 39.2 ± 3.3 mm, 102.3 ± 2.3 
mm and 67.6 ± 6.5 mm, respectively 
(Table 5.1). The maximal strain levels 
were higher for the cruciate ligaments as 
compared to the collateral ligaments, 
while for the strain rates the opposite 
was true. Both were lower than initially 
estimated with the aid of calipers and 
actuator displacements 
The stiffnesses measured in the initial 
orientations of the bones were higher for 
the cruciate ligaments than for the 
collateral ligaments, with the exception of 
the ACL of knee specimen 1 (Fig. 5.4) 
The standard deviations of the stiffnesses 
in the initial orientations were the highest 
for the ACL and higher for the PCL than 
for the collateral ligaments (Fig. 5 4) 
However, the accuracy with which the 
initial orientation was reproduced was 
zero max strain 
force strain rate 
length level 
[mm] [%] [%/s] 
ACL1 32 9 9 1 6 0 7 
ACL2 41 2 7 3 4 8 5 
ACL4 32 3 9 3 6 1 9 
PCL2 41 1 7 3 4 8 6 
PCL3 41 3 7 3 4 8 4 
PCL4 4 0 0 7 5 50 0 
PCL5 3 4 3 8 7 58 3 
MCL3 102 3 6 8 73 3 
MCL4 105 6 6 9 68 6 
LCL2 73 6 6 8 5 4 4 
LCL4 68 5 6 6 65 7 
LCL5 6 0 7 6 6 65 9 
TABLE 5 1 Zero force lengths 
Immj, maximal strain levels [%] and 
strain rates [%/sJ for each ligament 
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similar for all ligaments: the standard deviation of the medial-lateral and 
anterior-posterior translations of the femoral bone relative to the tibial one for 
the ACL, PCL, MCL and LCL ranged from 0.84 to 0.99 mm. 
The tensile stiffnesses were affected by the relative orientations of the 
insertion sites for the cruciate ligaments (Fig. 5.5a/b) and the collateral 
ligaments (Fig. 5 6a/b) For the ease of interpretation of the changes in tensile 
stiffness with tilt per tilt direction, the results are shown as changes in 
stiffness relative to the stiffness measured in the initial orientation of each tilt 
direction. Note that actually the stiffnesses measured varied among the 
different initial orientations of each ligament (Fig. 5.4). 
The tensile stiffness was affected more profoundly by changing the relative 
orientations of the insertion sites for the cruciate ligaments as compared to the 
collateral ligaments (Figs. 5.5 and 5.6). For the cruciate ligaments, for 
example, the highest effect of tilt on the tensile stiffness was found for the 
ACL of knee specimen 1, for which the stiffness value ranged from 0 2 to 2.4 
times the initial stiffness (Figs 5.4 and 5 5a). For the collateral ligaments the 
highest variation was found for the LCL of specimen 5, for which the stiffness 
value ranged from 0.66 to 1 10 times the initial stiffness value (Figs 5.4 and 
5.6b). 
An average decrease in tensile stiffness per tilt step of 5 degrees was 
estimated at -11 6 ± 3.5 N/mm for the ACL, 20.9 ± 2 7 N/mm for the PCL, 
-2.6 ± 0 9 N/mm for the MCL and -3 7 ± 0.3 N/mm for the LCL, which are 
significantly different from a zero decrease (ANCOVA, Table 5 2) 
Furthermore, the analysis of covanance revealed that the changes in tensile 
stiffness per tilt step was not identical for the four tilt directions (Table 5.2). 
TABLE 5 2 The estimated decrease in 'ensile stiffness per tilt step of 5 degrees /ß 
/N/mm per 5°JI ± the standard error tse) for the ACL, PCL, MCL and LCL (total) and 
specified for the posterior IP), anterior (A), medial (Ml and lateral (Lì tilt direction of 
these ligaments (ANCOVA) The brackets indicate tilt directions for which the ß is not 
significantly different (p > 0 05) 
ß ± se [N/mm per 5°] 
ACL PCL MCL LCL 
15 7 ± 4 0 -, 
23 0 ± 6 6 • 
15 4 ± 6 4 -1 
29 7 ± 4 6 
20 9 ± 2 7 
1 8 ± 1 5
 Ί 
ι 0 6 ± 1 8 -
3 5 ± 1 5 -
J
 4 3 ± 2 2 -
2 6 + 0 9 
7 1 + 0 6 
0 8 ± 0 6 
2 2 ± 0 7 
4 9 + 0 7 
3 7 ± 0 3 
Ρ 33 7 ± 6 5 
A 5 0 + 6 2
 η 
L 11 0 ± 6 5 \ 
I 
M 3 5 ± 0 7 J 
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FIG. 5.5. The absolute stiffness change [N/mml from the initial orientation (¡nit.) to 
the tilted positions 1 to 5 for each tilt direction (Fig. 5.3) of a. the anterior cruciate 
ligaments and b. the posterior cruciate ligaments (b). Tilt directions: A: anterior, P: 
posterior, M: medial, L: lateral. 
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Stiffness change [N/mm] 
Stiffness change [N/mm] 
FIG. 5.6. The absolute stiffness change [N/mml from the initial orientation Unit.) to 
the tilted positions 1 to 5 in each tilt direction (Fig. 5.3) for a. the medial collateral 
ligaments and b. the lateral collateral ligaments. Note that the scale of the y-axis is 
different from Fig. 5.5. Tilt directions: A: anterior, P: posterior, M: medial, L: lateral. 
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For the ACL and the LCL the decreases in tensile stiffnesses were significantly 
higher for the posterior tilt direction as compared to the other tilt directions 
For the LCL the tensile stiffness decrease was significantly higher for the 
medial tilt direction than for the anterior and lateral tilt directions For the MCL 
and the PCL the changes in tensile stiffnesses per tilt step were not 
significantly different among the four tilt directions 
DISCUSSION 
In the present study, it was demonstrated that tilt of the femoral insertion 
site affects the tensile stiffness of knee ligaments significantly Even when a 
tensile test in the same orientation of the bones was repeated, a variation in 
tensile stiffness was observed This was due to small relative translations of 
the bones, which could be concluded directly from the RSA measurements. 
Variations in stiffness are thus to be expected when one tries to orient 
different ligaments in a reproducible way in a material testing machine, 
because small variations in tilt and translation of the femoral bone relative to 
the tibial one can change the tensile stiffness drastically For example, when 
the posterior side of the anterior cruciate ligament is lifted by 5 degrees, a 
stiffness decrease of 34 N/mm can be expected 
The effect of tilt on the tensile stiffness is higher for the cruciate ligaments 
as compared to the collateral ligaments. The main explanation for this 
phenomenon is the difference in the length-to-width ratios For the collateral 
ligaments, which are long and thin, tilting of the femoral insertion site has a 
less shortening or lengthening effect on the outer fibers as compared to the 
cruciate ligaments which are relatively wide and short A second explanation is 
that the geometry of the cruciate ligaments is more complex, involving 
different lengths and orientations of the fibers, than the collateral ligaments, 
which are rather parallel fibered structures (Butler et al 1985) Furthermore, it 
has been shown that the tangent modulus of the fiber bundles vary within the 
anterior cruciate ligament (Butler et al 1992) as well as within the posterior 
cruciate ligament (Race et al 1994) These aspects also explain that the 
standard deviations of tensile stiffnesses measured in the initial orientations 
were higher for the cruciate ligaments than for the collateral ligaments (Fig 
5 4) 
The relationship between the stiffnesses and the relative insertion 
orientations is not expected to be biased by time dependent effects For the 
purpose of preconditioning, five loading cycles were applied at the beginning 
of each tensile test Only the latter five cycles of each tensile test were 
processed for stiffness calculations The load-displacement curves revealed no 
significant changes after about three loading cycles 
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TABLE 5.3. Measured stiffness values /N/mm] ± standard deviation {sdì of the 
anterior cruciate ligament IACL), the posterior cruciate ligament IPCL), the medial 
collateral ligament (MCU and the lateral collateral ligament (LCD previously published 
as well as from the present study The number of specimens are indicated with η in 
the second column (Y) Young donors, (01 Old donors, (± ') additional variability due 
to variation in the relative orientation of the insertion sites 
Stiffness [N/mm] ± sd 
η ACL PCL MCL LCL 
Noyes et al 1976 20 129 ± 3 9 (О) 
6 182 ± 56 (Y) 
Prietto er al 1988 
Rauch et al 1987 
Woo étal 1991 
Trent et al 1976 
Claes ef al 1976 
Wasmer et al 1987 
Present study 
4 
5 
44 
9 
9 
4 6 
10 
12 
2-4 
203 
124 
242 
180 
141 
202 
201 
± 34 (Y) 
± 39 (0) 
± 28 (Y) 
± 25 (0) 
± 99 
± 147 
± 102 
( ± 69 ) 
204 ± 49 
183 ± 65 
208 ± 136 
258 ± 62 
(± 73') 
72 ± 17 
94 ± 21 
134 ± 1 
( ± 8') 
61 ± 43 
47 ± 13 
114 ± 29 
(± 11 ) 
The mechanical properties of human knee bone-ligament-bone preparations 
were determined m a number of studies (Table 5.3). Most of the stiffness 
values reported are near the lower limit of the range of stiffnesses found in the 
present study (Figs. 5.4 to 5.6), in spite of the high aged donors used in the 
present study, for which lower stiffness values are to be expected (Butler et 
al 1978). From the results of the present study, however, it became clear that 
the observed differences can not be explained by intermdividual differences 
only, but that also the geometric orientation of the ligament has to be taken 
into account. Apparently, the ligaments in the present study were oriented 
such that more uniform loading patterns of the fibers were achieved Race et 
al. (1994) created test configurations with extreme non-uniformity in fiber 
loading by testing anterior and posterior bone-bundle-bone preparations of 
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posterior cruciate ligaments. They measured stiffnesses varying from 347 
N/mm ± 1 4 0 N/mm for the anterior part of this ligament to 77 ± 32 N/mm 
for the posterior part, which are in agreement with variations found in the 
present study. 
The advantage of this study is the use of RSA for the determination of the 
displacements instead of actuator displacements, so that the compliance of 
the test system did not affect the stiffnesses measured. Furthermore, RSA 
measurements are much more precise than the use of vernier calipers (de 
Lange et al. 1985, Blankevoort et al. 1988), which suffer from ligament 
accessibility and are only suitable for superficial measurements 
Only in those orientations of the femoral insertion sites, in which all fibers 
are tensed between 6 and 7% strain, the term 'linear' stiffness can be used 
for the stiffness parameter. Otherwise, the stiffness still increases with 
progressive displacement of the femoral bone, due to loading of the lax fibers. 
It is even questionable, if a linear part could possibly be reached in some 
orientations, because it is imaginable, that some fibers have already failed, 
before others are loaded. 
No attempt was made to convert the tensile stiffness into tangent moduli, 
because reasonably uniform stress and strain distributions are required for this 
purpose To calculate tensile stress, it is necessary to determine the cross-
sectional area of the recruited fibers, which is almost impossible To calculate 
strains, a uniform elongation of the ligament is required. 
The variations described in measured structural properties by varying the 
rotation angle of the femoral insertion site relative to the tibial one, lead to an 
understanding of how the ligaments function. The insertion sites of the 
ligaments are known to rotate and translate during knee flexion (Butler et al. 
1988, Poliacu Prose et al. 1988, v. Dijk et al. 1983). As has become clear 
from the present study, these rotations have less effect on the mechanical 
response of the collateral ligaments as compared to the cruciate ligaments. In 
other words, the way in which the ligament can perform its function is less 
dependent on knee position for the collateral ligaments than for the cruciate 
ligaments. For the cruciate ligaments, different portions are alternating in 
bearing loads during knee movement and thus in functional performance. For 
the ACL, for example, the anteromedial bundle is tense in flexion and the 
posterolateral bundle is tense in extension of the knee joint. 
In conclusion, the mechanical response of a ligament, particularly the 
cruciates, is extremely sensitive to the relative orientations of the ligament 
insertions in the loading apparatus. Hence, a single unidirectional tensile test is 
insufficient to define the stiffness characteristics of a ligament Furthermore, 
because the relative orientations of the insertion sites of the ligaments vary 
during knee motions (Girgis et al. 1 975, Butler et al 1 988, Poliacu Prose et al 
1988), it is concluded that the functional role of the ligaments also vanes. 
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CHAPTER 6 
Characterization of the mechanical behavior 
of human knee ligaments: 
A numerical-experimental approach1 
Τ J.A. Mommersteeg, L. Blankevoort, 
R Huiskes, J.G.M. Kooloos and J M G. Kauer 
ABSTRACT - During knee-joint motions, the fiber bundles of the knee 
ligaments are nonuniformly loaded in a recruitment pattern, which depends on 
successive relative orientations of the insertion sites As a result, the stiffness 
characteristics of the ligaments as a whole are variable during knee-joint 
motion. The purpose of the present study is to characterize this variable 
mechanical behavior It is hypothesized, that for this purpose it is essential to 
consider the ligaments mechanically as multi-bundle structures rather than as 
one dimensional structures. To verify this hypothesis, bone ligament-bone 
preparations of the ligaments were subjected to series of unidirectional 
subfailure tensile tests in which the relative insertion orientations were varied 
For each individual test specimen, this series of tensile tests was simulated 
with a mathematical ligament model Geometrically, this model consists of 
multiple line elements, of which the insertions and orientations are anatomic­
ally based. In a mathematical optimization process, the unknown stiffness and 
recruitment parameters of the line elements are identified by fitt ing the variable 
stiffness characteristics of the model to those of the test series. Thus, lumped 
parameters are obtained which describe the mechanical behavior of the 
ligament as a function of the relative insertion orientation This method of 
identification was applied to all four knee ligaments. In all cases, a satisfactory 
fit between experimental results and computer simulation was obtained, 
although the residual errors were lower for the cruciate ligaments (1.0 2.4%) 
1
 Accepted for publication in the Journal of Biomechanics 
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than for the collateral ligaments (3.7-8.1%) It was found that models wi th 
three or less line elements were very sensitive to geometrical parameters, 
whereas models wi th more than 7 line elements suffered from mathematical 
redundancy. Between 4 and 7 line elements little difference was found. It is 
concluded that the present ligament models can realistically simulate the 
variable tensile behavior of human knee ligaments. Hereby the hypothesis is 
verified that it is essential to consider the ligaments of the knee as multi-
bundle structures in order to fully characterize their mechanical behavior. 
INTRODUCTION 
Much attention has already been paid to the mechanical properties of 
human knee ligaments. Both the structural properties, or mechanical properties 
of the ligament as a structure, and the material properties, or mechanical 
properties of the material of which the ligaments are made, have been 
evaluated. In experimental studies, the structural properties have been 
quantified by unidirectional tensile tests, in which the bone-to-bone angle is 
fixed relative to the axis of pull (Noyes and Grood 1976, Kennedy et al. 1976, 
Butler et al. 1978). From the force-displacement registrations, a number of 
parameters has commonly been calculated such as linear stiffness, maximal 
force and maximal displacement. In order to evaluate the role the ligaments 
play in knee mechanics in mathematical models of the knee, however, the 
shape of the whole nonlinear force-displacement curve is required (Huiskes 
1992). For that purpose, mathematical formulations have been derived (Eiden 
et al. 1968, Viidik 1980, Carlstedt and Skagervall 1986) The unknown para-
meters of these constitutive model equations have been determined by fitt ing 
the predicted curves to the experimentally obtained ones by methods of 
minimal least squares. The combination of experiments and model simulations 
for quantitative determinations of unknown model parameters is indicated by 
the 'identification method' (Norton 1986). This method has been applied 
earlier in the biomechanics field (Lin et al. 1978, Hendriks 1 9 9 1 , Yettram et al. 
1979) 
The traditional approach of ligament testing is based on an assumption of 
uniform strain across the ligaments. However, for the posterior cruciate 
ligament as well as for the anterior cruciate ligament it has been shown that 
the mechanical properties differ between fiber bundles (Race et al. 1994, 
Butler et al 1992). Additionally, these fiber bundles are loaded nonuniformly 
during knee motion in a sequence which depends on the relative orientations 
of the insertion sites. Hence, the mechanical behavior of the ligament as a 
whole is variable (Rogers et al. 1990, Figgie et al. 1986, Woo et al 1991 , 
Mommersteeg et al. 1994). It is obvious that tests in which the ligament is 
pulled in only one direction do not provide sufficient information to mathema-
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tically characterize these nonuniform loading patterns of fiber bundles during 
knee motion To improve the description of the mechanical behavior of the 
ligaments in present knee-joint models (Blankevoort and Huiskes 1 9 9 1 , Essin-
ger et al. 1989), a re-examination of the traditional way of tensile testing and 
related mathematics is required. 
In this study, an extension of the traditional approach is proposed by 
combining a series of experiments and a model with more than one force 
transferring element, a so-called multi-line-element model The hypothesis is 
that in this way it is possible, in contrast to the traditional approach, to 
characterize the mechanical behavior of human knee ligaments in different 
relative orientations of the insertion sites. To test this hypothesis, ligament 
models consisting of multiple bundles were defined of the medial collateral 
ligament (MCL), the lateral collateral ligament (LCD, the anterior cruciate 
ligament (ACL) and the posterior cruciate ligament (PCL) With these models 
subfailure ligament tests performed in different relative insertion orientations, 
were simulated. 
measured 
ligament forces 
Τ 
model data 
error correlat ion 
Ϊ 
calculated 
ligament forces 
METHODS AND MATERIAL 
The identification method (Fig. 6.1) was applied to six ligaments obtained 
from three human knee joints of which t w o ACLs (ages 67 and 71 ), t w o PCLs 
(ages 63 and 71), one MCL (age 71) and one LCL (age 71). The protocol was: 
(ι) to record the ligament forces for different relative orientations and positions 
of the insertion sites in a series of tensile tests, (и) to record the anatomy of 
the insertion sites, (MI) to construct a model of the ligament, using the experi­
mentally determined kinematics and anatomy as input, (iv) to obtain initial 
estimates of the model parameters from the experimental raw data, and finally 
(v) to minimize the ligament force differences between model and experiment 
in order to calculate the model parameters. 
FIG. 6 1. Schematic dia­
gram representing the 
principle of the indentifi-
cation method 
to 
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(ι) Tensile testing 
The ligaments were prepared as bone ligament-bone preparations from the 
knee joints The bones accompanying the ligaments were marked with 
minimally five tantalum pellets (0.5 mm diameter) each. Then, the bones were 
embedded in polymethylmethacrylate (PMMA) such that, by visual 
examination, as many ligament fibers were tensed as possible. In this initial 
orientation of the bones (mit ), the bone-hgament-bone preparations were fixed 
in a specially designed loading rig in a material testing machine (MTS, Berlin, 
Germany) A complete description of the loading rig is given by Mommersteeg 
et al (1994) A device was attached between the pot containing the femoral 
bone block and the actuator of the testing machine This device enabled tilting 
of the femoral bone-block around t w o perpendicular axes, a medial-lateral and 
an anterior posterior axis, which intersected approximately in the center of the 
femoral insertion site of the ligament. Different tilting positions were achieved 
by successively lifting the anterior, posterior, medial and lateral sides of the 
ligament in steps of minimally 5 degrees, up to a maximum 25 degrees These 
successive orientations of the bones were called the anterior (A, through A 5 ), 
posterior (P, through P5), medial (M, through M5) and lateral tilt direction (L, 
through L5), respectively In each orientation of the bones, ten subultimate 
loading cycles were performed to obtain reproducible force displacement 
characteristics (preconditioning) The actuator displacement applied was about 
7 and 1 0 % of the initial length for the collateral and the cruciate ligaments, 
respectively The strain rate was 66 6%/sec At the end of the series, the first 
test was repeated to detect possible tissue damage The forces were 
measured with a force transducer, while the relative orientations and displace­
ments of the bones were measured with Rontgen Stereophotogrammetric 
Analysis (RSA, Selvik 1974) All these force-displacement curves together 
represent the relationship between the ligament force and the kinematics of 
the bones. Moistening of the tissue occurred through spraying the ligaments 
with saline before and after each test Between the tensile tests and during 
the preparation process the ligaments were wrapped in saline-moistened 
gauze, which was remoistened frequently 
(ill Anatomy of the insertion sites 
The anatomy of the origins and insertions of different ligament bundles was 
determined in t w o different ways. The first method, in which RSA was used, 
was applied for the t w o ACLs The origins and insertions of eight superficial 
fibers were marked wi th additional tantalum pellets (0 8 mm diameter) and 
RSA was performed to obtain the 3 D coordinates of these markers Two of 
these superficial fibers represented the margins between the anteromedial and 
posterolateral bundle, one of them the margins between the anterior and 
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posterior part of the anteromedial bundle (AMBa and AMBp, respectively) and 
one of them the margins between the anterior and posterior part of the 
posterolateral bundle (PLBa and PLBp, respectively; Buck 1985). The other 
four pellets marked fiber insertions in between these margins to obtain a more 
appropriate outline of the ligament insertion sites. On the basis of these 
peripheral markers, the insertion sites were geometrically subdivided into the 
insertion sites of the anterior and posterior part of both the anteromedial 
bundle and the posterolateral bundle (Fig. 6.2a). 
Proximal 
Distal 
Proximal 
Distal Femur 
M M 
A l Ι Ρ 
ι I 
Tibia 
10 mm 
FIG. 6.2. The femoral and tibial insertion sites of bundles defined in the ACL 2 with 
two different methods, a. The femoral and tibial insertion sites of four bundles of ACL 
2 based on RSA of the insertion sites of eight superficial fibers (Ol. On the basis of 
these measurements, the origin and insertion of the ligament were geometrically 
subdivided into four areas, representing the insertion sites of the anterior and 
posterior parts of the anteromedial bundle (AMBa and AMBp) and of the posterola­
teral bundle (PLBa and PLBp). b. The femoral and tibial insertion sites of nine bundles 
of ACL 2 defined with the aid of the Isotrak system. Bundles 4 and 5 correspond 
approximately with the AMBa, bundles 2, 3 and 6 with AMBp, bundles 1 and 9 with 
PLBp and bundles 7 and 8 with PLBa. A: anterior; P: posterior; M: medial; L: lateral. 
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In a second way to determine the 3-D coordinates of the insertion sites the 
3Space Isotrak system (Polhemus Navigation Sciences, Colchester, VT, 
U.S.A.) was used, according to Sidles et al. (1988). The cemented bone-
ligament-bone preparations were mounted in a perspex support. The outlines 
of the insertion sites of the ligament were measured three times. 
Subsequently, the bundles were separated bundle-by-bundle from the rest of 
the ligament, being very careful to follow the fiber orientations. Then, also the 
outlines of both the insertion sites of these bundles were measured in tr i-
plicate. This method was applied for one of the ACLs (ACL 2), the two PCLs, 
the LCL and the MCL. The ACL was divided into 9 bundles (Fig. 6.2b), the 
PCL into 6 (PCL 1) and 7 bundles (PCL 2), the MCL into 4 bundles and the LCL 
into 3 bundles. To transpose the 3-D coordinates of the insertion sites 
measured relative to the Isotrak coordinate system, to the RSA coordinate 
system, the perimeter of the insertion sites was measured wi th the aid of the 
Isotrak system as described above, as well as wi th the aid of RSA. Therefore, 
additional tantalum pellets (0.8 mm diameter) were placed around the insertion 
sites of the ligament and the RSA and Isotrak coordinate systems were chosen 
to be parallel. Subsequently, to transpose the measured insertion sites to the 
initial orientation of the bones in the material testing machine, a coordinate 
transformation was performed, using the 0.5 mm pellets in the bones. 
FIG. 6.3. A medial view of the four-line-
element model of ACL 2 based on RSA 
measurements (Fig. 6.2.). 
Legends: AMBa and AMBp: anterior and 
posterior part of the anteromedial bundle; PLBa 
and PLBp: anterior and posterior part of the 
posterolateral bundle. Ant: anterior; Post.: pos-
terior. 
(Hi) Ligament model 
Based on the anatomy of the insertion sites, measured as described in the 
preceding section, a mathematical model of each individual ligament was con-
structed. The models consist of nonlinear elastic line elements, representing 
the bundles defined in the ligament with the aid of RSA (Fig. 6.3) and Isotrak 
(Fig. 6.4). The centroids of the measured bundle insertions are the insertions 
of the line elements. The model describes the elastic behavior of the ligament 
as fol lows. 
Proximal 
AMBp 
PLBp 
Post. Ant. 
Distal 
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Because the line elements are straight lines, their length patterns were 
completely determined from the coordinates of their insertion sites in the initial 
orientation of the bones and the experimentally determined 3-D kinematics 
expressed by the translation vector D and the rotation matrix /?. The length Ll 
of a line element j was calculated from the insertion points Xtl on the tibia 
relative to the tibial coordinate system and xfl on the femur relative to the 
femoral coordinate system by 
L^\Xfl-D-RxtJ\ 
The tensile force Ft in a line element / was assumed to vary according to the 
square of the strain ey, or relative elongation, of this element (Crowninshield et 
al. 1976, Grood and Hefzy 1982, Wismans et al. 1980, Eiden 1968) as 
F=ktf ε , > 0 
F=0 e , < 0 
in which к is a stiffness parameter and e is the strain in line element / 
calculated from its actual length ¿; and zero force length L0/ according to 
er(L,-LQ)IL0 
'Strain' should not be considered as real tissue strain in this context, but 
rather as relative elongation of the line elements. As the bundles did not 
interact wi th each other in the model, the total ligament force F, was found by 
summing the individual bundle forces according to 
where vt is the unit vector pointing along the line of action of the force in line 
element/. 
(iv) Initial estimates of model parameters 
To obtain a reasonable starting point for the optimization process, rough 
estimates of the model parameters L0/ and kt were obtained. The initial value 
for the parameter L0/ was estimated from the maximal Lf occurring during the 
experimental test series, while a zero force was measured (L0iest)). The 
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parameter k¡ was initially estimated (kt(est)) using the ligament stiffness k' 
[N/mm] determined in the experiment at a strain level ε of 6.5 percent 
(Mommersteeg et al. 1994), equally divided over the number (Λ/) of line 
elements defined, according to 
k'-LJest) 
*<<-<>—¿k~ 
Using the estimated model parameters and applying the appropriate 
kinematics, the ligament forces were calculated for the different relative 
orientations and positions of the bones and compared with the experimental 
measurements. 
(v) Optimization technique 
Subsequently, the differences between the experimentally determined 
ligament forces for each relative orientation and position of the bones and the 
corresponding predicted values with the model were minimized by adjusting 
the model parameters к and L0/. The optimization function applied for nine 
equally distributed points of each experimentally determined force-displa­
cement curve, was represented by the residual error vector 
E(k,L0)=PJk,L0)-Pe 
in which the vector PB contains the experimentally determined ligament forces 
and the vector Pm(k,L0) the results of the equivalent model calculations for a 
given set of the model parameters contained in the vectors к and L0. This 
function was minimized following a modification of the Levenberg-Marquardt 
algorithm by using the general least-squares solver LMDIF (from MINPACK 
(Moré et al. 1980), Argonne National Laboratory, Argonne, Illinois, U S.A.). 
This minimization resulted in the identified values for kt and L0/ of each line 
element. To evaluate the effects of the initial values of kt and L0/ on the 
solutions of the optimization process, the process was started with different 
initial values. 
Data analysis 
The adequacy of the match between model and experiment was expressed 
as the magnitude of the residual error vector (= the root mean square error). 
The effects of the optimization process were evaluated by comparing the root 
mean square error before and after optimization of the model parameters. To 
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Proximal 
Post. 
FIG. 6.4. Medial views of the nine-line-element model of ACL 2 based on Isotrak 
measurements as well as of the derivations of this model. The continuous line 
elements are positioned medially, the dotted line elements are positioned laterally, and 
the dashed line elements are positioned in the centre of the ligament. Note that two 
different three-line-element models (3 and 3a) as well as two different four-line-
element models (4 and 4a) were defined. Ant: anterior; Post: posterior. 
study the effect of the number of line elements on the adequacy of the fit 
between model and experiment, the tensile tests of ACL 2 were simulated 
with models consisting of a number of line elements varying from 1 to 9 (Fig. 
6.4). These line element models were generated on the basis of the nine-line-
element model. Two or more neighboring line elements of this model were 
concentrated into one line element. Though the bundle anatomy of the ACL 
according to Buck (1985) was taken into account, arbitrary choices had to be 
made in the process of combining line elements. Two different three- and four-
line-element models were defined. To compare the two ways of measuring the 
anatomy of the insertion sites, the RSA based four-line-element model (Fig. 
6.3) and the Isotrak based four-line-element model of ACL 2 (Fig. 6.4 (4a)) 
were compared. To be able to compare the stiffness parameters obtained with 
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literature values, the stiffness parameter к [Ν] was converted into the tangent 
k't of the force displacement characteristic at a strain level ε of 6 5 percent 
[N/mm] defined as: 
k
'r2krr 
RESULTS 
The effects of the optimization procedure on the similarity between the 
model and the experimental data are obvious (Table 6.1). Before optimization, 
the root mean square errors between the calculated ligament forces and their 
corresponding measured values were high, indicating that a poor description of 
the experimental results was obtained with the estimated model parameters. 
Optimization of the model parameters kt and L0l for each line element resulted 
in a reduction of the residual error and thus in a considerable improvement of 
the fit between model and experiment. For the RSA based model of ACL 2, for 
example, an eight times reduction of the root mean square error was obtained 
( 1 2 . 9 % to 1.6% of the maximal force). For a root mean square error of 1 6 % 
of the maximal force, the fit between model and experiment was adequate, 
i.e. the different force-displacement characteristics obtained in the experiment 
could be reproduced well w i th the model (Fig. 6 5) 
TABLE 6.1 The root mean square errors (RMSerror) between the measured and the 
calculated ligament forces before and after optimization relative to the maximal force 
measured [%], Nexp is the number of tensile tests of the ligament times the number 
of points at each registered curve used for the fit and N is the number of line 
elements defined 
Ligament 
ACL 1 
ACL 2 
PCL 1 
PCL 2 
MCL 
LCL 
RSA/ 
Isotrak 
RSA 
RSA 
Isotrak 
Isotrak 
Isotrak 
Isotrak 
Isotrak 
N 
4 
4 
9 
6 
7 
4 
3 
Nexp 
117 
144 
144 
126 
162 
108 
108 
RMSerror |% 
max force] 
before opti­
mization 
13 1 
12 9 
15 8 
15 0 
14 2 
28 0 
18 1 
RMSerror [% 
max force] 
after opti­
mization 
2 3 
1 6 
1 3 
2 4 
1 0 
8 1 
3 7 
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FIG. 6.5. The force-displacement curves of the ACL 2 in the initia/ orientation of 
the bones (init.) and of the a. anterior (A, to A J, b. posterior (P, to PJ, c. medial (M, 
and M2) and d. lateral tilt directions (L2 to L¡¡ calculated with the model of fig. 6.3. 
(continuous lines) and measured in the experiment (signs). The displacement is 
expressed relative to the position of the femoral insertion site in the initial orientation 
of the bones. 
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RMSerror [% max force] 
Also for the other ligaments an adequate fit of models and experiments could 
be obtained after optimization of the model parameters (Table 6 1) However, 
for the medial and lateral collateral ligaments the f it was worse than for both 
cruciate ligaments 
It is apparent, that the identified zero force lengths of the line elements do 
not deviate much from the estimated values, while the differences between 
the estimated and identified к values are clear (Table 6.2) The reduction of 
the residual error after optimization of the model parameters was thus mainly 
achieved by a change in the /r-value In some cases (MCL and ACL 2) line 
elements obtained a zero Ar-value, independent of the initially estimated value 
The models were stable in the sense that for wide-ranging realistic initial 
values of к and L0 of the line elements, the models converged to the same 
optimized values. Only in those cases where the starting values were 
extremely high or extremely low, did the solutions differ In these 
physiologically unrealistic cases, the similarity between model and experiment 
became worse 
The number of line elements 
affected the adequacy of the fit 
between model and experimen­
tal results. This is illustrated for 
ACL 2 (Fig 6.6) It is obvious, 
that models with 4, 5, 6 or 7 
line elements adequately repro­
duced the experimental results, 
while models with 1 or 2 line 
elements did not. The three-hne-
element models were very sensi 
tive to the way in which the line 
elements were positioned ana 
tomically. The eight- and nine-
line element models could des­
cribe the experiment well, al­
though one and t w o line ele 
ments, respectively, obtained a 
zero k-value during the optimiza­
tion process, leaving seven-hne-
element models in both cases 
The model parameters of the 
line element models of ACL 2 
for which a small root mean 
square error was obtained after 
15 
10 
Π Π [Γ 
I l _L Π Π Π 3 За 4 4a 5 6 7 
Number of Ime elements 
β 9 
FIG 6 6 The root mean square errors 
relative to the maximal measured force [% 
max force] for the various line element 
models of ACL 2 (Fig 6 4) * one or more 
line elements were eliminated 
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Ligament 
ACL 1 
ACL 2 
PCL 1 
PCL 2 
LCL 
MCL 
Line 
element 
AMBa 
AMBp 
PLBa 
PLBp 
AMBa 
AMBp 
PLBa 
PLBp 
1 
2 
3 
4 
5 
6 
1 
2 
3 
4 
5 
6 
7 
1 
2 
3 
1 
2 
3 
4 
¿o(esf) 
[mm] 
48 4 
41 6 
38 9 
31 3 
37 0 
30 8 
34 1 
27 4 
45 8 
40 9 
47 0 
40 4 
47 7 
44 1 
38 9 
37 6 
39 7 
41 2 
44 9 
43 4 
37 3 
68 5 
70 4 
72 1 
104 1 
111 1 
91 9 
106 8 
¿o ! m r r | l 
48 7 
41 2 
38 5 
31 5 
36 9 
30 6 
33 5 
27 1 
46 9 
41 2 
47 4 
40 1 
47 9 
43 7 
38 3 
37 6 
39 4 
41 5 
44 5 
44 5 
37 0 
67 4 
69 4 
71 6 
101 9 
1 1 1 8 
90 9 
104 6 
kiest) 
[ * 1 0 3 N ] 
35 5 
30 5 
28 5 
22 9 
25 5 
21 2 
23 4 
18 8 
18 9 
16 9 
19 4 
16 7 
19 7 
18 2 
19 9 
19 2 
20 3 
21 1 
23 0 
22 2 
19 1 
29 7 
30 5 
31 2 
29 0 
31 0 
25 6 
29 8 
к 
[ * 1 0 3 N] 
81 2 
39 5 
19 9 
32 7 
6 4 5 
12 6 
15 7 
13 0 
21 4 
4 8 5 
2 4 4 
2 4 0 
3 2 
4 2 8 
11 7 
6 3 3 
56 0 
30 0 
6 8 
15 9 
27 4 
8 9 
32 3 
56 5 
0 0 
87 4 
26 0 
6 3 3 
[N/mm] 
2 1 7 
125 
67 
135 
2 2 7 
54 
61 
62 
59 
153 
6 7 
78 
9 
127 
4 0 
2 1 9 
185 
9 4 
2 0 
4 6 
96 
17 
6 0 
103 
0 
102 
37 
79 
TABLE 6 2 Estimated (est) and identified model parameters zero force length L0 
¡mm] and к [Ν] for the different line elements defined in each ligament as well as к ' 
which is defined as 2ke/L0 with ε = 0 065 
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optimization, were distributed in identical patterns across the ligament. For all 
models the line elements with the highest к and L0 were positioned anteriorly. 
This is illustrated wi th force-strain curves for the four- and seven-line-element 
models based on Isotrak measurements as well as for the four-line-element 
model based on RSA measurements (Fig. 6.7). 
The way in which the anatomy of the line elements was measured did not 
effect the validity of the models. The four-line-element models of ACL 2 
defined with RSA and with Isotrak agree with each other both with respect to 
the model errors (Table 6.1 versus Fig. 6.6) and with respect to the model 
results (Fig. 6.7). 
FIG. 6. 7. The force-strain relationships of three different line-element models of ACL 
2: a. the four-line-element model depicted in Fig. 6.3, b. the four-line-element model 
depicted in Fig. 6.4 14a), and с the seven-line-element model depicted in Fig. 6.4 17). 
The signs marking the anterior and posterior part of the anteromedial bundle lAMBa 
and AMBp) and of the posterolateral bundle IPLBa and PLBp) in a, correspond with 
signs marking the line elements approximating these bundles in b and c. Only the 
ranges of forces experienced by a line element during the experiment are presented. 
DISCUSSION 
In the present paper, the hypothesis that a multi-bundle concept is essential 
to fully characterize the mechanical behavior of human knee ligaments, is 
verified. The characterization is based on the variable recruitment of the fiber 
bundles. It is aimed at the determination of lumped parameters, which together 
describe the mechanical behavior of the ligaments as a function of relative 
insertion orientation. These parameters, which are recruitment parameters, or 
zero force lengths, and stiffness parameters of line elements, are directly 
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applicable in knee-joint models, in which the ligaments are represented by non­
linear elastic line elements (Blankevoort and Huiskes 1 9 9 1 , Essinger et al. 
1989, Crowninshield et al 1976). In present knee models, the stiffness 
parameters are estimated from literature data and were assumed to be equal 
for the different line elements of each ligament. The recruitment parameters 
are estimated by minimizing the differences between the experimental and 
model results with respect to the laxity of the knee in axial rotation 
(Blankevoort et al. 1994). Although actually complex 3-D structures, the 
ligaments are represented by only one to four line elements, which were not 
based on detailed anatomical analyses of the ligament structures. In the 
present study more detailed specimen-based line element representations of 
the ligaments were obtained of which the nonuniform stiffness and recruit­
ment parameters are also determined. Supplying the present knee models wi th 
these representations, these models are expected to provide an improved 
understanding of the role the ligaments, and in particular the fiber bundles, 
play in knee mechanics. Furthermore, it should be possible to study the effects 
of mhomogeneous mechanical properties, initial tensioning, geometry and 
number of ligament bundles on the mechanical behavior. 
Besides the root mean square error, the small differences between the 
estimated and calculated zero force lengths of the line elements, 
notwithstanding the initial values, validate the new approach. The estimated k-
values were, however, much smaller than the calculated ones. This can be 
explained by the fact that the estimated k-values were based on a k-value 
obtained by whole ligament testing, in which not all fiber bundles were 
recruited simultaneously. 
As in all studies in which a mathematical model is applied to experimental 
observations, the model parameters can be estimated only adequately from the 
experiment if the number of observations is attuned to the number of 
parameters In cases where the number of observations is too low in relation 
to the number of model parameters, for example in case of the MCL and the 
eight- and nine-line-element model of the ACL 2, line elements were eliminated 
by the optimization process itself, where it adopts a zero Ar-value. This implies 
that these line elements were not required to describe the experimental results. 
On the other hand, the number of model parameters should be high enough to 
describe the effects of the relative orientations of the insertion sites sufficient­
ly. This was, for example, not the case for the one- and two-line-element 
model of ACL 2 for which after optimization still a substantial error between 
model and experimental results remained. 
The fit between model and experiment was worse for the collateral 
ligaments than for the cruciate ligaments. О П Р possible explanation is that the 
effects of the relative orientations of the insertion sites on the force-
displacement characteristics are much smaller for the collateral ligaments than 
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for the cruciate ligaments (Mommersteeg et al 1994). A possible solution is to 
extend the series of tensile tests to higher tilt angles. 
An alternative way to deal with the impossibility of uniform loading of the 
fiber bundles of knee ligaments and the inhomogeneous distribution of material 
properties throughout the ligaments, is to subject bone-bundle-bone preparati­
ons individually to experimental testing (Butler et al 1992, Race et al 1994). 
Though the data obtained in these studies and in the present study serve the 
same purpose, they are different. The bundle parameters Butler and Race 
obtained, describe the mechanical behavior of each bundle separately, while 
the model parameters found in the present study describe the mechanical 
behavior of the ligament as a whole. Butler et al. (1992) tested a few fibers of 
each bundle of three bundles defined in the ACL to determine their relative 
material properties. Race et al. (1994) obtained a stiffness value of 75 N/mm 
± 31 N/mm for the posterior bundle, or reinforcing bundle, of the PCL which 
is in agreement with the bundle stiffness of fiber bundle 1 in the present 
study. The obtained stiffness value of the anterior bundle (306 ± 1 3 0 N/mm) 
is, however, lower than the sum of the stiffnesses of the anterior PCL bundles 
in the present study. An explanation for this is that in the smaller entities the 
fiber bundles are loaded more uniformly than in the anterior bundle as a whole 
No direct comparison between the line element parameters of the different 
ligaments measured in the present study was discussed, because of the 
differences in line element configurations 
In conclusion, it can be stated that in all cases the line element models are 
capable of simulating the experimental results, although much better for the 
cruciate ligaments as compared to the collateral ligaments ACL models with 
one or t w o line elements were not capable of describing the experimental 
results properly, which supports the idea that a multi-bundle concept of the 
ligaments is warranted to fully characterize the mechanical behavior of human 
knee ligaments. Models with three line elements were very sensitive to the 
geometry of the line element configuration and models with more than 7 line 
elements suffered from mathematical redundancy. Between 4 and 7 line 
elements little difference was found The method described in this paper could 
also be applied for other ligamentous structures. 
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CHAPTER 7 
The restraining function 
of human knee ligament bundles1 
T.J A Mommersteeg, R. Huiskes, L. Blankevoort, 
J.G.M. Kooloos and J.M.G. Kauer 
ABSTRACT - The function of the knee ligaments is to restrain motions of the 
knee joint provoked by externally applied loads. During knee motion, the fiber 
bundles of the ligaments alternate in carrying the loads. The present study is 
aimed at the determination of the load distribution in the four major knee 
ligaments in situ and the effects of flexion and external loading configuration 
on this distribution. In particular, the contributions of these forces to the total 
knee-restraint were studied. For this purpose, an inverse dynamics approach 
was used. The methods developed to estimate the bundle forces comprise five 
steps. First, the 3-D motions of a knee specimen were measured for anterior-
posterior forces, varus-valgus moments and endo- and exorotation moments, 
using Rontgen Stereophotogrammetric Analysis. Second, bone-hgament-bone 
tensile tests were performed to evaluate the mechanical properties of these 
structures in several relative orientations of the bones. Third, multiple fiber 
bundles were identified in each ligament, based on the main fiber orientations 
Fourth, the non linear force-length relationship of each functional bundle, as 
defined by a stiffness and a recruitment parameter, was determined by 
combining the multidirectional tensile tests with a multi-hne-element ligament 
model. Finally, the information obtained was combined in a whole-joint 
computer model of the knee, to determine the internal forces in the initial 
kinematic experiment, using an inverse dynamics approach. The technique 
used showed to be extremely time consuming and technologically complex. 
However, it is believed to be an effective method to determine in situ load 
1
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distributions in ligaments during knee motion. The results reveal that the fiber 
bundles of the anterior cruciate ligament (ACL) contribute mainly to restrain 
anterior and varus loading of the tibia and those of the posterior cruciate 
ligament (PCL) contribute mainly to restrain posterior and valgus loading of the 
tibia. The fiber bundles of the medial collateral ligament (MCL) are the mam 
contributors to restrain valgus rotation and exorotation and those of the lateral 
collateral ligament (LCD are the main contributors to restrain varus rotation. 
These contributions were extremely sensitive to the knee flexion angle and the 
restraining forces were highly variable within the ligaments. For all ligaments, 
a gradual transition was noted in load transfer from the posterior bundles to 
the more anteriorly positioned ones during knee flexion. Furthermore, it 
appeared that relatively high forces were carried by only a few fiber bundles. 
Because of this and the significant shifts in fiber-bundle load transfer wi th 
changing flexion angles, the importance of the determination of forces in 
multiple ligament bundles independently is demonstrated. The data obtained 
are useful for the design of improved ligament replacements, as well as for the 
diagnostic evaluations of partial ligament ruptures. 
INTRODUCTION 
Passive knee joint stability is a function of the structures composing the 
joint, i.e. the ligaments, the menisci, the capsule and the articulating surfaces. 
One approach to study the role the ligaments play in the stability of the joint is 
to determine the load carried by the ligaments when applying an external load 
to the knee (Lewis et al 1982, Ahmed et al. 1992, Markolf et al. 1 993, Guan 
et al. 1 9 9 1 , Blomstrom et al. 1993, Takai et al 1993). The fiber bundles 
composing the ligaments alternate in carrying the load during knee motions 
(Girgis et al. 1975) The efficiency with which these bundles restrain the 
externally applied loads depends on their orientations and positions relative to 
the externally applied loads. Understanding these complex mechanisms 
underlying the function of the knee ligaments, is important for diagnoses of 
partial ligament ruptures as well as for the design of ligament replacements. 
Direct measurements of forces in the four major ligaments of the knee were 
performed in vitro using buckle transducers (Lewis et al 1982/1989, Ahmed 
et al. 1987/1992). In these studies selected bundles of the ligaments were 
instrumented. Ahmed et al. (1987) found that the anteromedial bundle of the 
anterior cruciate ligament (ACL) was loaded with about 70 N at 5 mm anterior 
tibial displacement. For axial rotation, the ligament forces were quite variable 
between specimens. They noted that, as it is known that different fiber 
bundles respond differently to externally applied loads, whole ligament forces 
could not be deduced from the measurements in these instrumented bundles. 
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Whole cruciate ligament forces were measured as well (Markolf et al 
1991/1993, Wascher et al. 1993) A new technique was used consisting of a 
load-cell connected to the tibial insertion sites of the ligaments. The authors 
found that, during passive extension of the knee, force in the ACL was 
generated only during the final 10° of extension. During anterior tibial drawer, 
the in situ ACL force was slightly higher than the applied load at full extension. 
The same was found for the In situ posterior cruciate ligament (PCL) force 
during posterior tibial drawer. 
The magnitudes of the resultant forces alone are not sufficient to determine 
the efficiency by which the ligaments counterbalance the externally applied 
loads For this purpose, the directions and the positions of the forces relative 
to the externally applied forces have to be taken into account as well . In 
recent studies, the efficiency of the ACL and its major bundles in restraining 
an anterior tibial force of 100 N was determined by selective cutting (Guan et 
al 1991 , Blomstrom et al. 1993). It was found that the role the anteromedial 
bundle played was much more important than that of the posterolateral 
bundle. In these studies the load-transmitting role of the removed structure 
was determined. Because it is quite possible that the sectioning of the ACL 
influences the loading patterns in the other knee structures as an indirect 
effect, the tensions generated in the ligaments itselves were not established. 
An alternative to direct measuring techniques is the indirect assessment of 
ligament forces from inverse dynamics models (Huiskes 1992). If the positions 
of the ligament insertion sites are known relative to the geometry of the 
bones, and the force-displacement characteristics of the ligament as well , the 
ligament force can be calculated from prescribed motions of the bones relative 
to each other. This method was applied frequently in the past by inferring 
ligament forces from ligament length patterns, determined from kinematic data 
specifying the relative positions of the insertion sites at various joint positions 
(Edwards et al 1970, Crowninshield et al 1976, Grood and Hefzy 1982, 
Blankevoort et al. 1991 ). These studies were limited in scope, because usually 
the ligaments were arbitrarily represented by a limited number of line elements, 
disregarding their 3-D multi-bundle structures. In addition, force-displacement 
characteristics of the ligaments were usually estimated from literature values. 
And finally, the difficult problem of the zero-force (or reference) length, 
required for these calculations, was not solved. The method was improved by 
Hollis et al (1988) and Takai et al. (1993), who determined the relation 
between force and length for the entire ACL as well as for portions of it by the 
application of anterior tibial forces in different flexion angles of the knee (Takai 
et al. 1993) or by bone-bundle-bone testing (Hollis et al. 1988). 
The goal of the present study was to assess the contributions of bundles 
defined in the ACL, PCL, medial collateral ligament (MCL) and lateral collateral 
ligament (LCL) to knee-restraints, using the inverse dynamics modeling 
approach to its full potential. This involves the application of Rontgen 
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Stereophotogrammetric Analysis (RSA) to determine the kinematics of femur 
and tibia for specific external loading conditions and of bone-hgament-bone 
preparations of the knee ligaments during mechanical testing Furthermore, it 
involves the use of 3-D digitization to determine the ligament bundle insertion 
sites. This data was integrated in separate 3-D line-element models of the 
ligaments (Mommersteeg et al. 1993) to determine the mechanical properties 
of their bundles These models of the ligaments, in turn, were integrated in a 
3-D whole-joint computer simulation model (Blankevoort 1991) to estimate the 
m situ ligament-bundle forces in the initial kinematic experiments. 
Because of the extent and complexity of the experimental procedure, the 
application was limited to three knee-joint specimens, of which one was fully 
analyzed and the other t w o were used as verification 
METHODS AND MATERIALS 
The protocol involved the determination of the ligament-bundle forces and 
their contributions to the restraints of various forces and moments applied 
externally It comprises the determination of (ι) the joint motions associated 
wi th externally applied forces and moments, (и) the relationships between the 
ligaments forces and the relative positions of the bones, (IN) the bundle 
insertion site geometry, (iv) the bundle force-length relationships by combining 
(и) and (IN) in a separate line element ligament model and, finally, (v) the forces 
in the bundles by combining (ι), (MI) and (iv) in a whole joint model of the knee 
Three cadaveric knee joints aged 7 1 , 63 and 89 were freshly frozen in 
plastic bags at -20°C, and slowly thawed at room temperature at the time of 
usage Any signs of knee pathology were absent The latter two knee joint 
specimens were used for the verification of the results of the first knee 
(ι) The joint motions associated with externally applied forces and moment 
To record the kinematics of the knee joint for different external loading 
conditions, the femur as well as the tibia were transected at a distance of 
about 15 cm from the joint line and cemented at their ends in 
polymethylmethacrylate (PMMA). The fibula was fixed to the tibia wi th a 
Kirchner wire The knee specimen was positioned in a specially designed 
motion and loading apparatus (Blankevoort et al 1988). Before testing, the 
knee ligaments were preconditioned by cyclically loading the tibia in several 
directions at different flexion angles Subsequently, the femur was fixed in 
flexion angles of 0, 15, 30, 60 and 90 degrees The tibia was allowed to 
move with six degrees of freedom relative to the femur In the first flexion 
series an axial force of 1 50 N was applied at each flexion angle In subsequent 
flexion series, this axial force was combined successively with endo and 
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exorotation torques of 6 Nm, with anterior and posterior forces of 100 N and, 
in 0, 15 and 30 degrees of flexion, with varus-valgus torques of 15 Nm. For 
anterior-posterior and varus-valgus loading, tibial rotation was set at a 
prescribed value for each flexion angle, which was deduced from the first 
flexion series. In each flexion and loading position the relative positions of the 
bones were determined with Rontgen Stereophotogrammetnc Analysis (RSA, 
Selvik 1974, Blankevoort et al. 1988) Therefore, six tantalum pellets (0 8 mm 
diameter) were inserted in each bone before mounting the bones in the motion 
and loading apparatus. 
00 The relationships between ligament forces and relative bony positions 
The insertion sites of the four major ligaments were surrounded by 0 5 mm 
tantalum pellets. The positions of the 0.5 mm pellets were related to the 0 8 
mm pellets in the femur and the tibia applying RSA. Subsequently, each 
ligament was isolated as a bone-ligament-bone preparation. For each bone-
hgament-bone preparation a series of tensile tests was performed in which the 
relative orientations of the femoral and tibial insertion site were varied 
systematically The ligament forces were measured with a load-cell The 
relative insertion positions were determined with RSA In this way, 
relationships between the relative positions of the bones and the ligament 
forces were determined (Mommersteeg et al. 1994a). 
(inj Bundle insertion site geometry 
Obstructing bone parts and synovium were removed from the bone-
ligament-bone preparations, to obtain a clear view of the fiber orientations of 
the ligaments from all sides. These preparations were fixed at both ends in a 
perspex support The relative positions of the ligament insertions were 
determined by applying RSA. The contour-lines of the ligament insertion sites 
were measured with a 6-dof digitizer (3Space Isotrak, Polhemus Navigation 
Sciences, Colchester, VT, USA, Mommersteeg et al 1994b) Subsequently, 
ligament bundles were identified using the fiber orientations as a guide In the 
ACL, 7 bundles were identified, a posterior, a posterolateral, a posteromedial, 
a central, an anterolateral, an anteromedial and an anterior bundle. In the PCL, 
6 bundles were identified, a posterior or reinforcing bundle, a posterolateral, a 
posteromedial, an anterolateral, an anteromedial and an anterior bundle In the 
anterior part of the superficial MCL and in the entire LCL 3 bundles were 
identified each, an anterior, a central and a posterior bundle These bundles 
were bluntly separated one by one from the structures The contour lines of 
the insertion sites of these bundles were measured as well Subsequently, the 
insertion sites of each bundle were assumed to be concentrated at two points, 
the geometric centers of the perimeters 
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(iv) Force-length relationships of the bundles 
The force-length relationships of the fiber bundles defined were determined 
by combining a series of tensile tests (и) with a separate ligament model 
(Mommersteeg et al 1993). In this model the bundles are represented by line 
elements of which the 3-D coordinates of the insertion sites were measured as 
described in section (in) The ligament forces were described as a function of 
the relative positions of the femoral and tibial insertion sites and two unknown 
model parameters for each line element These unknown parameters, defining 
the force-length relationships of the line elements, were determined by 
simulating the tensile tests with the model, and subsequently, minimizing the 
differences in ligament forces measured in the experiment and calculated with 
the model for all relative positions of the bones. The ligament forces were 
calculated as follows 
The length patterns of the line elements are completely determined by the 
coordinates of their insertion sites, as determined in (in), and the 3-D 
kinematics of the femoral bone relative to the tibial one represented by the 
translation vector D and the rotation matrix R, as determined in (n) The length 
L of a line element j is calculated from the tibial insertion point Xt/ relative to 
the tibial coordinate system and the femoral insertion point x,t relative to the 
femoral coordinate system, according to 
Lr\Xtl-D-Rxlt\ (7 1) 
The tensile behavior of each line element is assumed to be nonlinear elastic 
the tensile force Ft in a line element j is assumed to vary according to the 
square of the strain ef of this line element as 
F=krf , £ , > 0 ,
 ( 7 2 ) 
FrQ , e , < 0 , 
in which kt is a stiffness parameter and ε/ is the strain in line element;, which 
is calculated from its actual length L/t as calculated in (1), and its zero force 
length L0/ according to 
et = (LrL0)/L0 , (7 3) 
assuming a uniform strain of the line elements from ongo to insertion The 
bundle force vector F acting on the tibia is expressed by 
Fj = FlVj , (7 4) 
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were defined as Q. The total ligament moment M, is found by summing the 
individual bundle moments M¡ according to 
M,=Y.Mr (7.7) 
The ligament bundle forces were decomposed in three components: one in 
the posterior-anterior direction (F„), one in the lateral-medial direction (Fy) and 
one in the distal proximal direction (Fz) The moments were decomposed in 
those around the posterior-anterior axis (the varus-valgus moment M„), around 
the lateral-medial axis (the flexion-extension moment My) and around the 
distal-proximal axis (the axial rotation moment Mz). The efficiency with which 
the ligament(bundles) restrain the externally applied loads, was defined as the 
magnitude of the force or moment component opposing the externally applied 
load relative to the magnitude of the externally applied load 
Validation 
For the two other knee specimens, the first and third parts of the 
experiment were repeated The first part of the experiment was limited to the 
flexion series wi th an axial force of 150 N only. The third part of the 
experiment was limited to the ACL and the PCL. For knee specimen 2 the 
number of fiber bundles defined was 9 and 6, respectively, and for knee 
specimen 3, 8 and 10, respectively (Mommersteeg et al 1994b) The length 
and orientation patterns of the fiber bundles of the cruciate ligaments were 
determined and compared with those of knee specimen 1 The length patterns 
were expressed as actual lengths of the line elements, calculated wi th 
equation (7 1), relative to their lengths at extension of the knee-joint without 
load application The orientation patterns were expressed as angles ranging 
from 0 to 90° between the line-element direction and the lateral medial axis (β) 
as well as angles between the line-element direction and the posterior-anterior 
axis (a). 
Figure 7 1 (next pages) Line element representations of a ACL (filled markers) and 
PCL (open markers) and b MCL (filled markers) and LCL (open markers) in situ at 0, 
15, 30, 60 and 90 degrees of flexion with a compressive force of 150 N applied The 
femoral insertion sites of these line elements are presented by square markers and the 
tibial insertion sites by round markers A loaded line element is presented by a 
continuous line and a non loaded line element by a dashed line Three different 
projections of these representations are shown a projection in the horizontal plane (I), 
a projection in the sagittal plane (II) and a projection in the frontal plane (III) 
Legends Fiber bundles 1 posterior, 2 posterolateral, 3 posteromedial, 4 central, 5 
anterolateral, 6 anteromedian 7 anterior, Med medial, Ant anterior, Prox proximal 
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where vl is the unit vector pointing from the tibial to the femoral insertion site 
of line element j The total ligament force F, in each relative position of the 
insertion sites is found by summing the individual bundle forces Ft according to 
F,= lFj, (7 5) 
assuming that the bundles do not interact with each other 
The differences between the ligament forces measured and the corres-
ponding predicted values with the model were minimized by adjusting the 
model parameters kt and L0l, using a modification of the Levenberg-Marquardt 
algorithm applying the general least squares solver LMDIF (from MINPACK 
(Moré et al 1980) This optimization process resulted in the identification of 
values for к and L0/ of each line element, and thus in their force-length 
relationships 
(v) Bundle forces and moments 
The ligament multiple-bundle representations as presented in (iv) were 
implemented in a whole knee-joint model (Blankevoort 1991) For the MCL the 
interaction wi th the proximal tibia was taken into account The mathematics of 
this geometric nonlmearity was fully described by Blankevoort and Huiskes 
(1991) In short, the lengths L of the line elements representing this ligament, 
are summations of the lengths L1 of line segments running from their femoral 
insertion sites to points ρ on a curve representing the proximal bony edge of 
the tibia, and the lengths L2 of line segments running from ρ to their tibial 
insertion sites The position of point ρ is found for each line element by 
minimization of the length L in each relative position of the bones The 3 D 
motion characteristics of the knee-joint determined in (ι) were used as input for 
the whole knee joint model The lengths of the line elements were calculated 
from equation (7 1) for different positions of the knee From these lengths and 
the parameters к and L0 (iv), the forces in the line elements were calculated 
from equations (7 2) through (7 5) The moment M¡ of each line element force 
relative to the rotation point Û was calculated from 
Mj = (XtJ-Q) xF)t (7 6) 
in which the origin of the femoral coordinate system was equal to Q for 
bending and axial rotations of the knee (Q = D) The femoral origin was 
located 15 mm proximal to the most posterior apex of the tibial insertion site 
of the ACL in the reference position of the knee For varus and valgus 
rotations, the centers of the medial and lateral femoral condyle, respectively, 
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RESULTS 
Resultant ligament forces 
When an axial force of 150 N is applied to the knee joint, valgus rotation 
and endorotation of the knee occurs, combined with medial and anterior 
displacements of the tibia. At this starting position, a number of fiber bundles 
of the ACL and the MCL are tight (Fig. 7.1a/b). During knee flexion the 
tightening of these fiber bundles shifts from posterior to anterior in the 
ligaments. The resultant ligament force, representing the contributions of all 
taut fiber bundles, points posteriorly and laterally from its tibial point of 
application, according to the directions of the fiber bundles. During knee 
flexion this force points increasingly in the posterior direction. Its magnitude 
decreases from 128 N at zero degrees of flexion to almost zero at 90 degrees 
of flexion (Fig. 7 2a). The MCL is maximally loaded in 90 degrees of flexion 
(23 N) and unloaded in 15 and 30 degrees of flexion (Fig. 7.2c). The PCL is 
only tensed in the fully extended knee joint with a low load (Fig. 7.2b). The 
LCL is not load bearing during the entire flexion series. 
Resultant force [N] 
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FIG. 7.2. Resultant forces of a the ACL, b. the PCL and с the MCL at 0, 15, 30, 
60 and 90 degrees of flexion with an externally applied compressive force (150 N) in 
combination with anterior and posterior forces (100 N) The LCL is not load bearing. 
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When an anterior force of 100 N is applied to the tibia in addition, the 
forces in the MCL and the ACL are increased (Fig. 7.2a/d). The increase in 
ACL force is 70 N, 92 N, 70 N, 65 N and 31 N in 0, 15, 30, 60 and 90 
degrees of f lexion, respectively. If a posterior force of 100 N is applied to the 
tibia, the PCL force is increased (Fig. 7.2b). The resultant PCL force difference 
is lowest at 30 degrees (13 N) and increases towards extension (86 N) as well 
as towards higher flexion angles (39 N). During knee flexion, the PCL force, 
which is directed medially and anteriorly from the posterior edge of the tibia, 
becomes increasingly directed in the proximodistal direction (Fig. 7.1a). 
Applying a valgus torque of 15 Nm to the tibia, the MCL, the ACL and the 
PCL are more highly loaded at all flexion angles (Fig. 7.3). Conversely, with a 
varus torque of 1 5 Nm, this happens to the LCL, the ACL and the PCL. All 
these forces are maximal in full extension and decrease with flexion. The LCL 
force vector points proximally and slightly medially and anteriorly in extension, 
while at higher flexion angles it becomes directed medially and posteriorly (Fig. 
7.1b). The MCL force vector points from the tibial insertion site posteriorly and 
medially towards the femoral insertion site (Fig. 7.1b). 
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FIG. 7.3. Resultant forces of a. the ACL, b. the PCL, с. the LCL and d. the MCL(dl 
at 0, 15 and 30 degrees of flexion with an externally applied compressive force (150 
N) in combination with varus and valgus torques (15 Nm). 
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Tibial rotation increases the forces in the ACL at lower flexion angles (Fig. 
7.4a). The LCL force is only slightly increased with an exorotation torque of 6 
Nm from zero to 30 degrees of flexion (Fig. 7.4c). The MCL force is increased 
by this torque in 90 degrees of flexion in particular (142 N, Fig. 7.4d). The 
PCL force is increased by endo- and exorotation torques of 6 Nm (Fig. 7.4b). 
The effect of the endorotation torque on the PCL force is maximal in extension 
(58 N), while the exorotation torque has only an effect in 90 degrees of 
flexion (177 N). 
Restraints to anterior-posterior loading, varus-valgus and tibial rotation torques 
The resultant force vector presented in the previous section was 
decomposed in its components along three orthogonal axes, an anterior-
posterior axis, a medial-lateral axis and a proximal-distal axis. The efficiency of 
the resultant forces is expressed as the load difference in the restraining 
structures between the load cases with an axial force only and those wi th an 
additional externally applied load relative to the externally applied loads. 
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FIG. 7 4. Resultant forces of a the ACL, b. the PCL, с. the LCL and d. the MCL at 
0, 15, 30, 60 and 90 degrees of flexion with an externally applied compressive force 
(150 N) in combination with an endo- and exorotation torque (6 Nm) 
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The highest ligamentous restraint to an anterior force of 100 N is formed 
by the ACL (Fig. 7.5a) The percentage of the applied force restrained by the 
ACL varies from 8 0 % at 15 degrees of flexion to 3 0 % at 90 degrees of 
f lexion. The loading of the fiber bundles varies during knee flexion and shifts 
along the medial side of ligament from posterior to anterior At zero degrees of 
f lexion, 7% of the ACL restraint is formed by the most anterior fibers of the 
ligament, while at 90 degrees of flexion this percentage is 100% For the most 
posteromedial bundle the reverse is true: at zero degrees of flexion the 
contribution to the total ACL restraint is 35%, while at 90 degrees of flexion it 
is 0%. The lateral fiber bundles are only slightly tensed at 15 and 30 degrees 
of flexion. The contribution of the MCL to restraining the 100 N anterior force 
is negligible (0.5 to 1.2%). For this ligament, too, a shift is notable from 
posterior to anterior during knee flexion. 
A posterior force of 100 N applied at the tibia is restrained by the PCL fiber 
bundles with an anteriorly directed force (Fig. 7 5b). The percentage of the 
applied force restrained by the PCL is maximal in extension (43%) and minimal 
at 30 degrees of flexion (7%) This restraint is provided completely by the 
posterior and posterolateral bundles. At higher flexion angles, the more 
anteriorly positioned bundles take over as primary restraints, in particular the 
anteromedial bundles: at 60 degrees of flexion, the contributions of the 
anterior and posterior bundles to the total PCL restraint are 5 2 % and 4 8 % , 
respectively, while at 90 degrees of flexion, these percentages are 8% and 
9 2 % , respectively. 
The most important ligament restraining a valgus torque of 15 Nm is the 
MCL, in particular in extension of the knee (39%, Fig. 7.6a) From zero to 30 
degrees of flexion, the contribution of the posterior bundles to the total MCL 
restraint is decreasing in favor of the central bundles. The PCL has only a 
significant contribution in extension ( ± 10%). 
FIG. 7 5, 7.6 and 7.7 (next pages) 
The ligament forces at 0, 15, 30, 60 and 90 degrees of flexion due to an externally 
applied compressive force of 150 N I*) and due to a combination of an externally 
applied compressive force of 150 N lol and anteriorly 17 5a) and posteriorly directed 
forces of 100 N (7.5b), valgus (7.6a) and varus moments of 15 Nm (7.6b), and endo-
(7 7a) and exorotation moments of 6 Nm (7 7b) The contributions of the several 
fiber bundles in the ligaments defined are presented the black bars present fiber 
bundles at the posterior side of the ligaments, toward the anterior side of the 
ligaments, the bars turn gradually into white bars 
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A varus torque of 1 5 Nm is restrained by the LCL and the ACL (Fig. 7 6b) 
The contribution of the LCL varies from 1 7 % in extension to 0 . 0 1 % in 30 
degrees of flexion and of the ACL from 6 3 % to 0 1 %. Within the LCL the fiber 
loading shifts from the posterior fiber bundles in extension (91%) to the 
central fiber bundles in 30 degrees of flexion (97%) For the ACL, the restraint 
is mainly provided by the medial and central fiber bundles. 
The collateral ligaments inhibit endorotation, while the cruciate ligaments 
inhibit exorotation (Fig. 7.7) The restraining moments of the cruciate 
ligaments are much lower than those of the collateral ligaments. The highest 
resistance against tibial torques of 6 Nm is found in 90 degrees of flexion for 
the MCL (27%), and in extension for the LCL (4%), the PCL (4%) and the ACL 
(2%) Again a shift in loading of the fiber bundles is seen from posterior to 
anterior. 
Ligament orientation and length validation 
The patterns of relative length changes are qualitatively similar for the three 
knee joint specimens (Fig 7 8) The most anterior bundles of the ACL are 
relatively unchanged during knee flexion, while the lengths of the most 
posterior bundles are decreasing in particular at lower flexion angles (Fig. 
7.8a). The increases in lengths of the most anterior bundles of the PCL are 
generally higher than the decreases in lengths of the most posterior bundles 
(Fig. 7.8b). The changes of the lengths of the intermediate bundles of the PCL 
and the ACL depend on their anatomical positions in the ligaments: the more 
anteriorly the bundle is located, the more its length pattern looks like that of 
the most anterior bundle, while the more posterior the bundle is located, the 
more its length pattern looks like that of the most posterior bundle 
Quantitatively, differences are found between the three knee specimens The 
changes in length are maximal for knee specimen 2 and minimal for knee 1. 
The changes in orientation during knee flexion also correspond well 
between the three knee specimens, at least in a qualitative sense (Figs. 7.9 
and 7.10). The angles between the anterior line elements of the ACL and the 
lateral medial axis (/?) decrease in flexion, in particular between zero and 60 
degrees (Fig. 7.9a). This means that these line elements increasingly point in 
the medial-lateral direction For the posterior line elements of the ACL, β 
slightly decreases, or even increases for knee specimen 3. For the PCL, β 
increases for the anterior bundles (Fig. 7.9b). A decrease is found for the 
posterior bundles of the PCL, with the exception of specimen 1, in which a 
slight increase is found 
The angles between the line elements of the ACL and the anterior axis (σ) 
decrease in flexion, meaning that these fiber bundles increasingly point in the 
anteroposterior direction (Fig 7.10a). An exception is formed by the posterior 
bundle of knee specimen 2, for which α increases. For the PCL, α increases for 
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the anterior bundles, with a slight decrease between zero and 1 5 degrees of 
flexion for knee specimens 2 and 3 (Fig. 7.10b). For the posterior line 
elements of the PCL, a decreases, except for knee specimen 1, for which a 
slight increase is found at higher flexion angles. 
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FIG. 7.8. Actual lengths relative to the lengths in extension of the joint of the 
anterior and posterior fiber bundles of a. the ACL and b. the PCL of three knee-joint 
specimens (spec.) during knee flexion from 0 to 90 degrees applying a compressive 
force of 150 N only. Knee specimen 1 was fully analyzed. 
DISCUSSION 
It was found that with an inverse dynamics approach the 3-D load-
distributions in the ligaments of an intact knee joint could be determined as 
functions of external loads and motion patterns. The results reveal the 
complexity of load-transfer through the ligaments, whereby each part of a 
ligament plays a characteristic role in particular phases of knee motion. In 
general, a gradual transition of the forces is found from the posterior fiber 
bundles to the anterior ones. The fiber bundles of the ACL contribute mainly to 
restrain anterior and varus loading of the tibia and those of the PCL contribute 
mainly to restrain posterior and valgus loading of the tibia. The fiber bundles of 
the MCL are the main contributors to restrain valgus rotation and exorotation 
and those of the LCL are the main contributors to restrain varus rotation. 
These contributions depend strongly on the flexion angle of the knee joint. 
110 Chapter 7 
Beta [degrees] 
30 60 
Flexion [degrees) 
30 60 
Flexion [degrees] 
90 
FIG. 7.9 Changes in the angle beta iß) between the line element direction and the 
lateral medial axis ranging from 0 to 9(T during knee flexion from 0 to 90 degrees for 
the anterior and posterior fiber bundles of a the ACL and b. the PCL of three knee 
/oint specimens (spec I applying a compressive force of 150 N only Knee specimen 1 
was fully analyzed 
In general, the direct restraining mechanisms of the ligaments are 
insufficient to stabilize the knee. Particularly with an endorotation torque the 
restraining moment developed in the cruciate ligaments is too small to prevent 
further endorotation, as was also previously noted (Ahmed et al 1987, 
Huiskes and Blankevoort 1991). Other restraining mechanisms are involved 
An additional restraint is provided by contact forces between the femoral and 
tibial condyles, which also depend, indirectly, on the forces in the ligaments 
(Huiskes and Blankevoort 1991). Due to the slopes of the tibial articular 
surfaces, the tibia 'screws out' relative to the femur when a rotation torque is 
applied. This results in high resultant axial forces in the knee ligaments, for 
example 140 N in the ACL in the present study, and consequently in increased 
contact forces Depending on the flexion angle, the contact forces provide for 
approximately 5 0 % to 85% of the endorotation restraint (Huiskes and 
Blankevoort 1 991 ) Second, according to van Dijk (1 983), the interhgamentary 
torsion of the cruciate ligaments is of importance in the tautening of the knee 
in endorotation beyond 50 degrees of flexion. 
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FIG 7.10 Changes in the angle alpha la) between the line-element direction and the 
posterior anterior axis ranging from О to 90° during knee flexion from 0 to 90 degrees 
for the anterior and posterior fiber bundles of a the ACL and b the PCL of three 
knee-joint specimens (spec I applying a compressive force of 150 N only Knee 
specimen 1 was fully analyzed 
And third, other knee structures as the menisci, the muscle tendons, the 
capsule and other ligaments are likely to assist directly and indirectly in 
restraining endorotation Seering et al (1980) showed that the contributions 
of the posterior capsule, the posterior oblique ligament, the arcuate ligament 
and the popliteal tendon to exorotation torques was about 3 0 % at 0 and 30 
degrees of flexion. At 30 degrees of flexion the menisci also played an 
important role (19%). During endorotation, the direct and indirect restraining 
contributions of the capsular structures were about 2 0 % at zero degrees of 
flexion For varus-valgus motions the bony restraint was shown to be 20 3 0 % 
in varus rotations and 1 7 % in valgus rotations (Seering et al 1980), while 
also the capsule, the tractus iliotibiahs, the popliteus tendon and the biceps 
tendon played important roles (Grood et al 1981) 
A number of aspects of the method used have to be considered when 
comparing the present results with literature data First of all, direct 
comparison between the present approach and the selective cutting stiffness 
approach (Butler et al 1980) is not entirely valid Sectioning studies define the 
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role a ligament plays in knee-joint stability (Blomstrom et al. 1993, Piziali et al 
1980, Guan et al. 1991). This role includes the direct ligamentous restraint, an 
enhanced restraint due to the interaction between the ligaments and the 
articular surfaces (Huiskes and Blankevoort 1991) and the interaction between 
a ligament and other knee structures, such as the menisci, the capsule and 
other ligaments. Hence, the direct ligamentous restraints, as determined in the 
present study, were not determined in isolation. 
Secondly, it has been shown that an axial, compressive force on the knee 
influences the distribution of load between the articular contact areas and the 
ligaments. With a compressive force, the contribution of the contact is 
relatively higher (Hsieh and Walker 1976). Under 925 N of tibiofemoral contact 
force, the resultant ACL force was decreased as much as 3 6 % at zero degrees 
of flexion and 4 6 % at 20 degrees of flexion (Markolf et al. 1991). Hence, the 
results depend strongly on the compressive force applied. 
Thirdly, it was assumed here that the mechanical interaction between the 
bundles, identified in the ligaments, is negligible. For the ACL it has been 
demonstrated that longitudinal separation of the anterior and posterior portions 
of the ACL influences the stiffness of the knee in anterior tibial loading only 
minimally (Blomstrom et al 1993, Takai et al 1993). However, it might be a 
factor which affects the accuracy of our results. 
Fourthly, the multiple-line representations of the ligaments were based on 
actual measurements of the anatomy. In the past, ligaments were modeled by 
two or three arbitrary line elements which were only based on measurements 
of the ligament insertion sites (Van Dijk 1983, Blankevoort 1991 , Takai et al. 
1993). Blankevoort (1991) showed that two or three line elements are not 
capable of stabilizing the knee during the entire range of motion. Hence, 
supposedly the present study produces more precise and anatomically 
consistent information. 
Fifthly, the experimental technique applied is extremely time-consuming and 
technologically involved Consequently, the results concerning the load 
distribution of the ligaments were limited to one knee-joint specimen only To 
partly validate these results, the length- and orientation patterns of the fiber 
bundles of the cruciate ligaments of two other specimens were compared with 
those of the first knee specimen. Although differences were found, the length 
changes during knee flexion were qualitatively similar and also agree well wi th 
the studies of Hollis et al. (1991) and Takai et al (1993). 
Sixthly, the visco-elastic nature of the ligaments was not accounted for. For 
this reason, it should be appreciated that the presented results are valid only 
for quasi-static loads. 
Comparing the resultant ACL and PCL force patterns during tibial rotation 
(Fig. 7.4) wi th those measured directly by Markolf et al. (1993), who applied 
a slightly higher tibial torque of 7 Nm, agreement was found. As in the present 
study, the ACL forces in their investigation were maximal in extension of the 
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knee during endorotation (170 N) as well as during exorotation (80 N). For an 
endorotated pathway, the forces in the PCL were minimal at 30 degrees of 
flexion and increased towards full extension (20 N), as well as towards 90 
degrees of flexion (60 N). During exorotation, the PCL was only loaded at 
higher flexion angles, as in the present study. In their study, however, lower 
forces were found (20 N). Ahmed et al. (1987) measured similar loads in the 
cruciate ligaments as in the present study, using buckle transducers. They 
found that at 40 degrees of flexion the ACL was tensed mainly in 
endorotation, while the PCL was tensed mainly in exorotation and in 90 
degrees of flexion 
The MCL and LCL were tensed higher in exorotation than in endorotation, 
which is in agreement with Ahmed et al. (1987), Seering et al. (1980) and 
Brantigan et al. (1941) Furthermore, relatively low forces were found in the 
LCL during tibial rotation. Ahmed et al (1987) found marked variations among 
the loads in the LCLs during tibial rotation. In 2 0 % of the specimens (group III) 
the LCL was tensed with very low forces ( < 1 5 N) in both senses of rotation 
These LCL forces were inversely related to the ACL forces during tibial 
rotation This corresponds well with the high tensions of the ACL in 
comparison to the low tension of the LCL, as was found in our study. 
Apparently, the specimen measured in our study was similar to group III of 
their study. 
The effects of varus and valgus loading wi th 15 Nm on the cruciate 
ligament forces were the same in the present study as in the study of Wascher 
et al. (1993) As in our study, they measured an increase in resultant ACL 
force in particular in extension of the joint during varus (105 N), as well as 
during valgus loading (70 N). These values were 136 N and 48 N, 
respectively, in the present study. While they measured a constant PCL force 
from zero to 30 degrees during varus loading, in the present study this force 
was higher in extension than in 15 and 30 degrees of flexion. For valgus 
loading similar PCL forces were found in extension of the joint in both studies. 
There was, however, a steeper decrease in force found in the present study as 
compared to the study of Wascher et al (1993). 
There is general consensus that the ACL and the PCL are the primary 
structures resisting anterior and posterior tibial loading, respectively, while the 
MCL and the LCL play a secondary role (Piziah et al 1980, Ahmed et al 1987, 
Butler et al 1980, Markolf et al 1991 , Wascher et al 1993). The force 
patterns in the PCL during posterior loading of the tibia found in the present 
study are, however, not comparable wi th the results of Wascher et al. (1993), 
who applied a 50 N posterior tibial force While they found an increase in the 
PCL force during knee flexion, in the present study this force decreased up to 
30 degrees of flexion and increased from 30 to 90 degrees of flexion. The 
pattern found in the present study is, however, similar to the results of Race 
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and Amis (1993), who showed that the PCL force peaked twice, at extension 
and at 70 degrees of f lexion, for 2, 4 and 6 mm posterior tibial translation. 
With anterior tibial loading, the increases in ACL force were lower than the 
applied anterior tibial load for all flexion angles In the literature, however, the 
resultant forces found in the ACL were slightly higher than what was applied 
anteriorly (Takai et al 1993, Markolf et al. 1991). Our finding that the loads in 
the ACL are more uniform at 30 degrees of flexion than at the greater flexion 
angles is in agreement wi th Takai et al. (1993) who found a contribution of 
7 0 % of the anterior part of the ligament at 30° of flexion, which decreases 
towards extension (47%) and increases towards 90° (93%). That the lateral 
bundle of the ACL does not play a significant role in resisting anterior tibial 
loading is in congruence with the findings of Hollis et al. (1988) and 
Blomstrom et al. (1993). 
In conclusion, the indirect dynamics approach appeared to be generally 
sound in determining detailed load distributions of the four human knee 
ligaments simultaneously. The resultant ligament forces found are not in 
conflict wi th literature data. It is realized that more knee specimens should be 
tested to verify the observed force distributions among several fiber bundles of 
the ligaments 
In previous studies, whole ligament forces and the forces in two or three 
fiber bundles of the ACL were determined. From these studies, it appeared 
that the forces in the ligaments vary with knee flexion and that, for the ACL, 
the posterior bundle was only important in extension of the knee in restraining 
anterior tibial loading, while the anterior bundle became increasingly important 
during knee flexion. In the present study, the hypothesis that bundle forces 
vary wi th flexion angle and with its location in the ligament has been 
confirmed. A gradual shift in load transfer was noted from posterior to anterior 
in each ligament during flexion of the knee. The significant differences in force 
in the fiber bundles with changes in flexion angle demonstrates that it is 
important to determine forces in multiple bundles independently. 
It appeared that relatively high forces during functional loading are carried 
by only a few fiber bundles. Therefore, the maximum stress that exists in a 
ligament cannot be determined by dividing the total force carried by the 
ligament by its cross sectional area. Concentrations of the force in only a few 
fiber bundles of the ligament result in a failure of the ligament at loads below 
that which can be achieved with a uniform failure test. 
The data obtained in the present study are useful for the design of 
improved ligament replacements. The unique structure and function of the 
ligaments, as found in the present study, may be difficult to reconstruct wi th 
a single-stranded structure. It might be more appropriate to reconstruct the 
ligaments wi th multiple strands that function at different flexion angles. 
Furthermore, the data can be used in the evaluation of knee ligament 
injuries, particularly for isolated lesions of a fiber bundle. In the literature, 
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controversy exists about the angle at which a knee should be flexed for 
evaluation of a partial lesion of the anterior cruciate ligament. Two different 
tests are popular. In 90 degrees of flexion the anterior drawer test is 
performed and in 15 degrees of flexion the Lachman test is performed. The 
results presented here show that during an anterior drawer test only the most 
anterior bundle is tested. An isolated lesion of this bundle could be detected in 
this way. With a Lachman test, the fiber bundles of the ACL are loaded more 
uniformly. Also for the other ligaments, specific tests or combinations of tests 
could be developed to detect particular lesions of the knee ligaments. 
REFERENCES 
Ahmed A M , Hyder A, Burke DL, Chan KH (1987) In vitro ligament tension pattern in the flexed 
knee in passive loading. J. Orthop. Res. 5 217-230 . 
Ahmed A M , Burke DL, Duncan NA, Chan KH (1992) Ligament tension pattern in the flexed knee 
in combined passive anterior translation and axial rotation. J. Orthop. Res. 10: 854 -867 . 
Blankevoort L, Huiskes R, Lange A de (1988) The envelope of passive knee joint mot ion. J. 
Biomech. 2 1 : 705 -720 . 
Blankevoort L, Huiskes R (1991) Ligament-bone interaction in a three-dimensional model of the 
knee. J. Biomech. Engng. 113: 263-269 . 
Blankevoort L, Huiskes R, Lange A de (1991) Recruitment of knee-joint l igaments. J. Biomech. 
113: 94 -103 . 
Blankevoort L (1991) Passive motion characteristics of the human knee joint: experiments and 
computer simulations. Dissertation, University of Nijmegen, Nijmegen, The Netherlands. 
Blomstrom GL, Livesay GA, Jujie H, Smith BA, Kashiwaguchi S, Woo SL-Y (1993) Distribution of 
in situ forces wi th in the human anterior cruciate ligament. Am. Soc. Mech. Eng. AMD 24 : 
359-362 . 
Brantigan OC, Voshell AF (1941) The mechanics of the ligaments and menisci of the knee joint. J. 
Bone Jt Surg. 23 : 44 -66 . 
Butler DL, Noyes FR, Grood ES (1980) Ligamentous restraints to anterior-posterior drawer in the 
human knee. J. Bone Jt Surg [Am] 62 : 259 -270 . 
Crowninshield R, Pope MH, Johnson RJ (1976) An analytical model of the knee. J. Biomech. 9: 
397-405 . 
Dijk R van (1983) The behaviour of the cruciate ligaments in the human knee. Dissertation, 
University of Nijmegen, Nijmegen, the Netherlands. 
Edwards RG, Lafferty JF, Lange KO (1970) Ligament strain in the human knee joint. J. Bas. Eng. 
92 131-136 . 
France EP, Daniels A U , Goble EM, Dunn HK (1983) Simultaneous quantif ication of knee ligament 
forces. J. Biomech. 16(8): 553-564 . 
Girgis FG, Marshall JL, Al Monajem ARS (1975) The cruciate ligaments of the knee joint -
Anatomical, functional and experimental analysis. Clin. Orthop. 106: 2 1 6 - 2 3 1 . 
Grood ES, Noyes FR, Butler DL, Suntay WJ (1 981) Ligamentous and capsular restraints preventing 
straight medial and lateral laxity in intact human cadaver knees. J. Bone Jt. Surg. [Am] 63(8): 
1257-1269 
Grood ES, Hefzy MS (1982) An analytical technique for modeling knee joint stiffness - part I: 
l igamentous forces. J Biomech Engng. 104' 330-337 . 
116 Chapter 7 
Guan Y, Butler DL, Dormer SG, Cummings JF (1991) Contribution of anterior cruciate ligament 
subunits during anterior drawer in the human knee Proceedings of the 37th Annual meeting of 
the Orthopaedic Research Society, ρ 2 3 9 . 
Hollis J M , Marcin JP, Horibe S, Woo SL-Y (1988) Load determination in ACL fiber bundles under 
knee loading Proceedings of the 34th Annual meeting of the Orthopaedic Research Society, ρ 
196. 
Hollis J M , Takai S, Adams DJ, Horibe S, Woo SL-Y (1991) The effects of knee motion and 
external loading on the length of the anterior cruciate ligament (ACL), a kinematic study. J 
Biomech Engng. 113: 2 0 8 - 2 1 4 
Hsieh H, Walker Ρ (1976) Stabilizing mechanisms of the loaded and unloaded knee joint J Bone 
Jt. Surg. [Am] 58. 87-93. 
Huiskes R, Blankevoort L (1991) The relationship between knee motion and articular surface 
geometry. In: Biomechanics of diarthrodialjoints, vol II, eds M o w VC, Ratchffe A, Woo SL-Y, 
Springer-Verlag, New York, pp. 2 6 9 - 2 8 6 . 
Huiskes R (1992) Mathematical modeling of the knee. In Biology and biomechanics of the 
traumatized synovial joint: the knee as a model, chapter 2 1 , eds. Finerman GAM, Noyes FR, 
American Orthopaedic Society for Sports Medicine, Rosemont, IL, USA. 
Lewis JL, Lew WD, Schmidt J (1982) A note on the application and evaluation of the Buckle 
transducer for knee ligament force measurement J. Biomech. Engng. 1 0 4 125-128. 
Lewis JL, Lew WD, Hill JA, Hanley P, Ohland K, Kirstukas S, Hunter RE (1 989) Knee joint motion 
and ligament forces before and after ACL reconstruction J. Biomech Engng. 111 97-106. 
Markolf KL, Gorek JF, Kabo J M , Shapiro MS, Finerman GAM (1991) New insights into load 
bearing functions of the anterior cruciate ligament. In Biomechanics of diarthrodial joints, vol 
I, eds, M o w VC, Ratchffe A, Woo SL-Y, Springer-Verlag, New York, pp. 1 55-175 
Markolf KL, Wascher DC, Finerman GAM (1993) Direct in vitro measurement of forces in the 
cruciate ligaments Part II. The effect of section of the posterolateral structures J. Bone Jt 
Surg. [Am] 75(3): 3 8 7 - 3 9 4 . 
Mommersteeg TJA, Blankevoort L, Kauer JMG (1993) A method to determine the structural 
mechanical properties of subunits of human knee l igaments. Proceedings of the 39th Annual 
meeting of the Orthopaedic Research Society, ρ 6 2 . 
Mommersteeg TJA, Blankevoort L, Huiskes R, Kooloos J G M , Kauer JMG, Hendriks JCM (1994a) 
The effect of variable relative insertion orientation of human knee bone-ligament-bone 
complexes on the tensile st iffness. J. Biomech (accepted) 
Mommersteeg TJA, Kooloos J G M , Kauer JMG, Blankevoort L, Huiskes R (1994b) The fibre bundle 
anatomy of human cruciate l igaments. Presented at the Joint meeting of the anatomical 
society of Great Brittain and Ireland and the Nederlandse Anatomen Vereniging, Utrecht, the 
Netherlands, 6-8 April 
Moré J , Garbow B, Hillstrom К (1980) User guide for MINPACK-1, Argonne National Labs Report 
ANL-80-74, Argonne, Illinois 
Piziali RL, Seering WP, Nagel DA, Schurman DJ (1980) The funct ion of the primary ligaments of 
the knee in anterior-posterior and medial-lateral motions. J. Biomech 13 777-784 
Race A, Amis AA (1993) Loading of the t w o bundles of the posterior cruciate ligament an 
analysis of bundle function in AP-drawer. Proceedings of the 3th Conference of the European 
Orthopaedic Research Society, ρ 67 
Seering WP, Piziali RL, Nagel DA, Schurman DJ (1980) The function of the primary ligaments of 
the knee in varus-valgus and axial rotation. J Biomech 13: 7 8 5 - 7 9 4 
Selvik G (1974) A Rontgenstereophotogrammetric method for the study of the kinematics of the 
skeletal system Dissertation, University of Lund, Sweden. 
Takai S, Adams DJ, Livesay GA, Woo SL-Y (1993) Determination of the in situ loads on the 
human anterior cruciate ligament. J. Orthop. Res 11 686-695 
Wascher DC, Markolf KL, Shapiro MS, Finerman GAM (1993) Direct in vitro measurement of 
forces in the cruciate l igaments. J Bone Jt Surg [Ami 75(3) 377-386 
117 
CHAPTER 8 
A global verification of 
human knee ligament models 
Τ J.A Mommersteeg, R Huiskes, L Blankevoort, 
J G.M. Kooloos and J.M G Kauer 
ABSTRACT The ligaments of the knee consist of fiber bundles, with variable 
orientations, lengths and mechanical properties In concept, however, these 
structures were too often seen as homogeneous structures, which are either 
stretched or slack during knee motions. In previous studies, we proposed a 
new structural concept of the ligaments of the knee, in which they were 
considered as multi-bundle structures, with nonuniform mechanical properties 
and zero force lengths The purpose of the present study was to verify this 
new concept For this purpose, the ligament representations were 
implemented in a whole 3 D knee-joint model, in which the ligaments and the 
articular surfaces are represented. A direct confrontation was performed 
between the model simulations of varus-valgus laxity and anterior-posterior 
laxity and the results of manipulations with a knee-joint preparation in which 
only the ligaments and the articular surfaces were present. From this knee-
joint the geometric and mechanical parameters were derived to supply the joint 
model These data involved the geometry of the insertion sites of the four 
knee ligaments, the geometry of the articular surfaces and the mechanical 
behavior of the ligaments as functions of their relative insertion orientation. If 
the whole knee-model can predict the experimental behavior of the knee 
accurately, then the multi-bundle ligament models are validated, at least in 
their quantitative functional role in knee-joint mechanics. The model describes 
the experimentally obtained laxity characteristics reasonably well Model and 
experimental specimen follow the same patterns of laxity changes during knee 
flexion Only when a varus moment of 8 Nm was applied and when the tibia 
was posteriorly loaded, the model predicted somewhat higher laxities than 
measured in the experimental specimen. From the model-experiment 
comparisons it was concluded, that the proposed structural representations of 
the ligaments and their mechanical property distributions are valid in studying 
the laxity characteristics of the human knee-joint 
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INTRODUCTION 
The human knee ligaments are complex multi-fiber structures. In concept, 
however, these ligaments were considered, too often, as purely uniaxial 
homogeneous structures, which are either stretched or slack In studies 
evaluating the tensile behavior of the ligaments, for example, uniaxial tensile 
tests were performed (Noyes and Grood 1976, Kennedy era/ . 1976, Butler er 
al. 1978), in which the tensile load and elongation were measured in one 
direction only In functional analyses, forces were determined in whole 
ligaments (Markolf et al. 1993), in selected parts of the ligaments (Ahmed et 
al 1987), or in two or three fiber bundles (Takai et al. 1993, Blomstrom et al. 
1993). In surgical reconstructions, anterior cruciate ligaments were replaced 
by grafts that act more-or-less as single bundles. However, representations or 
reconstructions of the ligaments which ignore their fiber bundle organisations, 
have shown to be inadequate to reproduce the functional behavior of the 
ligaments (Lewis et al. 1989, Blankevoort 1991 , Woo et al 1991 , Kok 1993, 
Mommersteeg et al. 1993). 
In previous studies, we proposed an alternative concept of the ligaments to 
evaluate their functions They were considered, conceptually, as collections of 
several tensile elements wi th variable orientations, lengths and mechanical 
properties, rather than as one-dimensional structures (Mommersteeg et al 
1993). This structural concept was proposed in order to explain the functional 
role of the ligaments in knee-joint motion and load transfer from the tensenmg 
and slackening of the tensile elements (Mommersteeg et al 1994c) The aim 
of the present study was to verify this new structural concept. 
In earlier work (Mommersteeg et al 1994b), the ligaments were completely 
described geometrically by the positions of the tensile elements, which were 
defined by anatomical analyses of the fiber orientations in the ligaments The 
loading and unloading of these tensile elements during knee motions were 
determined from the relative positions of the ligament insertion sites, 
specifying the lengths of the elements, and their mechanical properties. The 
parameters, defining the force-length relationships of the tensile elements, 
were identified using a combination of mathematical analysis and experimental 
assessment of ligament behavior in laboratory bench tests using bone 
ligament-bone preparations (Mommersteeg et al 1993). 
In the analytical determination of the loading and unloading patterns of the 
tensile elements in the ligaments some implicit assumptions were made. First, 
the bone ligament-bone tests were performed in a series of variable relative 
orientations of the bones, which do not necessarily represent anatomic, in situ 
orientations (Mommersteeg et al., 1994a) When discussing the functional role 
of the ligaments in terms of properties determined in these tests, it is assumed 
that the laboratory orientations of the ligaments can be extrapolated to the in 
situ orientations which occur during knee motions. Second, it is assumed that 
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all fiber bundles, except those of the medial collateral ligament (MCL), could be 
represented by straight lines running from the tibial to the femoral insertion 
site in all positions of the knee without piercing any bone. For the MCL the 
bony interaction with the proximal edge of the tibia was taken into account 
Third, it is assumed that the interaction between fiber bundles can be 
neglected in the description of the functional behavior of the ligaments. 
Blomstrom et al (1993) and Takai et al. (1993) measured the effect of the 
interaction between the anterior and the posterior fiber bundles on the function 
of the anterior cruciate ligament experimentally during anterior tibial loading. 
Although only minor effects were noted, these effects might play a role for 
loading configurations or bundle definitions not considered by the authors. 
In the present study, the effects of these three assumptions were tested. 
For this purpose, a global validation of the ligament representations in a 
mathematical model of the knee was performed by direct confrontation 
between model predictions and experimental measurements of knee 
mechanics. This involves the experimental determination of the laxity 
characteristics of a postmortem knee-joint specimen for varus valgus and 
anterior-posterior loading These experiments were simulated with a three 
dimensional mathematical model of the knee, describing the equilibrium 
position of the femur relative to the tibia for the external loads applied 
(Blankevoort 1991) In this model, the ligaments were represented by the 
mathematical multi bundle model described earlier (Mommersteeg et al. 1993), 
based on the experimental assessment of bundle mechanical behavior. If this 
whole knee-model can predict the experimental behavior of the knee 
accurately, then the multi bundle ligament models are validated, at least in 
their quantitative funtional role in knee-joint mechanics. 
METHODS AND MATERIAL 
The methods involved experiments and computer simulations. The protocol 
was to determine (ι) the joint motions associated with varus-valgus and 
anterior-posterior loading in a motion rig, (u) the geometry of the femoral and 
tibial articular surfaces, (in) the mechanical behavior of the ligaments in several 
relative positions of their insertion sites in a series of tensile tests, (iv) the 3-D 
coordinates of the insertion sites of several bundles defined in the four major 
knee ligaments, and (v) the parameters which describe the variable mechanical 
behavior of the ligaments as a function of their relative insertion orientations; 
the mechanical properties of the cartilage were derived from literature values 
(Mow ef al. 1982, Walker and Hajek 1972). Finally, the geometric and 
mechanical data were used to supply a 3-D mathematical model of the knee, 
with which the experiment (ι) was simulated (vi). 
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(i) Experiment: knee-joint motions 
One cadaveric knee joint aged 7 1 , freshly frozen in plastic bags at -20°C, 
was slowly thawed at room temperature. The fibula was fixed to the tibia wi th 
a Kirchner wire. All periarticular connective soft tissues were removed, so that 
only the ligaments remained to connect the femur to the tibia/fibula complex. 
Any signs of knee pathology were absent. The femur and the tibia were ce-
mented at their ends in polymethylmethacrylate (PMMA). The knee specimen 
was positioned in a specially designed motion rig (Blankevoort et al 1988) and 
surrounded by a plastic bag to maintain a relatively high humidity. Before 
testing, the knee ligaments were preconditioned by cyclically loading the tibia 
in several positions of the knee. The flexion of the femur was constrained to 
flexion angles of successively 0, 15, 30, 60 and 90 degrees. At each of these 
flexion angles, an axial force of 150 N was combined successively wi th 
anterior and posterior forces of 50 and 100 N. At flexion angles of 0, 15 and 
30 degrees of flexion, the axial force of 1 50 N was combined successively 
wi th varus and valgus moments of 8 and 16 Nm. For each flexion angle, the 
axial rotation of the tibia was constrained to the one occurring when an axial 
force of 1 50 N was applied in isolation The relative positions of the bones 
were determined with Rontgen Stereophotogrammetric Analysis (RSA, Selvik 
1 974, Blankevoort et al. 1 988). For this purpose, six tantalum pellets (0.8 mm 
diameter) were inserted in each bone before mounting the knee in the motion 
rig. 
(iij Geometry of the articular surfaces of femur and tibia 
After the experiment, the 3-D geometry of the articular surfaces was 
measured by a stereophotogrammetric method (Meyer eta/ 1989) and related 
to the 0 8 mm pellets in the femur and tibia. 
(in) Mechanical behavior of the ligaments 
The insertion sites of the MCL, lateral collateral ligament (LCD, the anterior 
cruciate ligament (ACL) and the posterior cruciate ligament (PCL) were 
surrounded by 0.5 mm tantalum pellets. The positions of the 0.5 mm pellets 
were related to the 0.8 mm pellets in the femur and the tibia by applying RSA. 
Subsequently, each ligament was isolated as a bone-ligament-bone 
preparation. For each bone ligament-bone preparation a series of tensile tests 
was performed in which the relative orientations of the femoral and tibial 
insertion site were varied systematically. The ligament forces were measured 
with a load-cell. The relative insertion positions were determined with RSA In 
this way, relationships between the relative orientations of the bones and the 
mechanical behavior of the ligaments were determined (Mommersteeg et al 1994a). 
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(ivj Bundle insertion site geometry 
Obstructing bone parts and synovium were removed from the bone-
hgament-bone preparations, to obtain a clear view of the fiber orientations of 
the ligaments from all sides. These preparations were fixed at both ends in a 
perspex support. The relative positions of the ligament insertions were 
determined by applying RSA. The contour-lines of the ligament insertion sites 
were measured with a 6-dof digitizer (3Space Isotrak, Polhemus Navigation 
Sciences, Colchester, VT, USA; Mommersteeg et al 1994b) Subsequently, 
ligament bundles were identified using the fiber orientations as a guide. In the 
ACL, PCL, MCL and LCL 7, 6, 3 and 3 bundles were identified, respectively. 
These bundles were bluntly separated one by one from the structures. The 
contour-lines of the insertion sites of these bundles were measured as wel l . 
Subsequently, the insertion sites of each bundle were assumed to be 
concentrated at two points, the geometric centers of the perimeters. 
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(ν) Force length relationships of the bundles 
The force-length relationships of the fiber bundles defined were determined 
by combining the series of tensile tests (in) with separate multi-bundle models 
of the ligaments (Mommersteeg et al 1993) In these models the bundles are 
represented by tensile elements of which the 3-D coordinates of the insertion 
sites were measured (iv) The ligament forces were described as a function of 
the relative positions of the femoral and tibial insertion sites and two unknown 
model parameters for each line element These unknown parameters, defining 
the force-length relationships of the line elements, were determined by 
simulating the tensile tests with the model, and subsequently, minimizing the 
differences in ligament forces measured in the experiment and calculated wi th 
the model for all relative positions of the bones In this way, the mechanical 
behavior of the ligament was characterized as a function of the relative 
insertion orientations of the ligament by the recruitment and stiffness 
parameters of the fiber bundles 
(vii The 3-D whole joint model 
The kinematic data (ι), the geometric data (и, iv) and the parameters 
characterizing the mechanical behavior of the ligaments (v) were used as input 
for a mathematical knee model (Fig 8.1). The model describes the position of 
the femur relative to the tibia for a given configuration of external loads and 
kinematic constraints The positions of the femur relative to the tibia are found 
by solving a set of quasi static equilibrium equations containing the external 
forces and moments acting on the femur and the tibia, constrained forces and 
moments, ligament loads and articular contact loads. The model accounts for 
deformable articular surfaces (Blankevoort et al 1991) and for ligament-bone 
interactions (Blankevoort and Huiskes, 1991) The ligament forces (F¡\ and 
moments (M¡\ were summations of the forces (F¡\ and moments (M¡\ in the 
tensile elements/ by which each ligament is represented, according to 
F,= lFj , 
Μ,-ЪМ, . 
The bundle force F¡ and moment Mt acting on the tibia are expressed by 
M^DxFj, 
where ν is the unit vector pointing from the tibial to the femoral insertion site 
of line element j and D is the vector pointing from the origin of the femoral 
coordinate system, which is located 15 mm proximal to the most posterior 
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apex of the tibial insertion site of the ACL in the extended knee-joint, to the 
tibial insertion site of line element /. The tensile force Ft in a line element / is 
assumed to vary according to the square of the strain ε of this line element as 
ε,>0. Frktf 
Fr-0 ε,<0, 
in which kJ is a stiffness parameter and ε/ is the strain in line element/, which 
is calculated from its actual length Lf and its zero force length L0/ according to 
er(LrL0)IL0 , 
The actual length Lt fol lows directly from the kinematic variables (¡) and the 
coordinates of their insertion sites (iv). 
For each flexion step, the anterior-posterior laxities as well as the varus-
valgus laxities were calculated and compared wi th the experimental results. 
12 
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FIG. 8.2. The anterior-posterior translations as a function of flexion, while applying 
anterior (ant.) and posterior (post.) forces of 50 N (a) and 100 N (Ы to the tibia for 
the model simulations and the experimental specimen (exp.). 
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RESULTS 
At both combined anterior-posterior and axial loading, and combined varus-
valgus and axial loading, the model gave reasonable predictions of the 
experimental results In general, slightly higher deviations between model and 
experiment were found at lower load levels than at higher load levels When 
applying anterior forces of 50 and 100 N to the tibia, the experimentally found 
anterior translations were very well described by the model (Fig. 8.2) For 
posteriorly directed forces, the predictions of the posterior translations were 
approximately 2 mm higher than measured experimentally, during the whole 
range of flexion Applying a varus moment of 8 Nm, the model predictions of 
the varus rotations were higher than the experimental results, in particular in 
extension of the knee (Fig. 8.3a). Applying a valgus moment of 8 Nm, the 
model predictions of the valgus rotations were higher than the experimental 
results in extension of the knee and slightly lower in 30 degrees of flexion (Fig. 
8.3a). For higher load levels, the varus- and valgus-rotations were well 
predicted by the model, except for the valgus rotation at 30 degrees of flexion 
(Fig 8.3b) 
valgus-varus rotation [degrees] a. valgus-varus rotation [degrees] 
О I 
15 30 0 
flexion [degrees] 
15 30 
flexion [degrees] 
FIG. 8 3 The varus-valgus rotations as a function of flexion, while applying varus 
and valgus moments of 8 Nm (a) and 16 Nm (b) to the tibia for the model simulations 
and the experimental specimen (exp I 
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Similar variations m total laxity of the knee were found during knee flexion 
for the model simulation and the experiment. In both cases, the total anterior 
posterior laxity was maximal at 30 degrees of flexion and decreased towards 
full extension and further flexion (Table 8.1). The varus-valgus laxity increased 
from 0 to 30 degrees of flexion (Table 8.2) In general, the model predicted 
somewhat higher laxities than measured in the experimental knee specimen. 
TABLE 8.1. The tibial anterior-
posterior laxity fmmj as a function of 
flexion for the model relative to the 
experimental data applying anterior 
posterior forces of 50 and 100 N 
TABLE 8 2 The tibial varus-valgus 
laxity (mml as a function of flexion for 
the model relative to the experimental 
data applying varus-valgus moments of 
8 and 16 Nm 
Load 
50 N 
100 N 
Flexion 
0 
15 
30 
60 
90 
0 
15 
30 
60 
90 
APlax 
Exp 
3 5 
4 9 
5 4 
4 7 
1 3 
5 7 
7 1 
7 2 
6 2 
4 4 
:ity [mm] 
Model 
5 1 
6 1 
7 1 
6 4 
4 2 
7 7 
8 3 
8 8 
7 8 
6 9 
Load 
8 Nm 
16 Nm 
Flexion 
0 
15 
30 
0 
15 
30 
VV-laxity [degrees] 
Exp 
3 6 
6 0 
8 0 
7 7 
1 0 0 
11 0 
Model 
3 6 
7 2 
9 1 
8 2 
1 0 5 
12 6 
DISCUSSION 
The present study was aimed at the verification of a new structural concept 
of the ligaments of the knee, in which fiber bundles were considered as the 
funtional units. This concept allows the implementation of nonuniform 
mechanical characteristics in knee-joint models 
The laxity characteristics of the knee model depend on the descriptions of 
the ligaments and the articular surfaces. Assuming that the articular surfaces 
are well represented (Blankevoort et al., 1991), the ACL is mainly responsible 
for the simulations of the translations of the tibia in the anterior direction, the 
PCL for the translations of the tibia in the posterior direction, the MCL for the 
valgus rotation and the LCL for the varus rotation (Markolf et al 1976, Seering 
et al 1980, Piziali et al. 1980, Grood et al. 1 9 8 1 , Gollehon et al 1987, 
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Mommersteeg et al. 1994b). It was seen that, the laxity of a knee specimen 
can be described reasonably well with that of the model. Only when a varus 
moment of 8 Nm was applied and when the tibia was posteriorly loaded, the 
model predicted somewhat higher laxities than measured in the experimental 
specimen. To explain this, it is questioned whether the assumptions underlying 
the structural concept of these ligament were all valid. For the PCL and the 
LCL, the bony interactions with the tibia and femur, respectively, were not 
taken into account. This bony edge elongates the fiber bundles of these 
ligaments in the anatomical specimen without a change in the distances 
between their insertions sites. As a result, the forces in these structures were 
in reality larger than in the model, thus creating a higher resistance against 
displacement or rotation of the knee. 
It can be concluded, from the model-experiment comparisons that the 
model has the ability to describe the kinematic experiment realistically. The 
collections of line elements are valid representations of the ligaments in 
studying the laxity characteristics of the human knee. Furthermore, it seems to 
be valid to extrapolate mechanical parameters, derived from tensile testing in 
non-anatomical ligament orientations, to other in situ orientations. 
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CHAPTER 9 
Conclusions and discussion 
The human knee ligaments are nonidentical and geometrically complex, 
nonhomogenous tissues, which is expressed in their structural configurations 
and mechanical properties Related to these characteristics, the loading 
patterns of these structures are typically three-dimensional in nature: they 
transfer loads rather nonuniformly, in many directions and with variable load-
displacement characteristics during knee motions. Because of these specific 
structural, mechanical and loading characteristics, the ligaments of the knee 
are able to provide, in perfect tuning wi th the articular cartilage, the knee wi th 
sufficient stability and movability. In the next sections, the results wi th regard 
to this specific nature of the ligaments are summarized and discussed. 
STRUCTURE 
Human knee ligaments are nonhomogenous and nonidentical structures. 
The protein collagen which is provided with a high tensile strength, is 
nonuniformly distributed between and within these ligaments (Chapter 3). The 
anterior cruciate ligament (ACL) contains significantly less collagen per unit of 
volume than the posterior cruciate ligament (PCL), the lateral collateral 
ligament (LCD and the medial collateral ligament (MCL) The anterior bundles 
of all these ligaments have significantly higher collagen densities than the 
posterior bundles. Furthermore, the midsubstance of the cruciate ligaments is 
denser than the tissue adjacent to the ligament insertions Qualitatively 
speaking, these variations in collagen density within and between ligaments 
correspond to the variations in material properties and structure described in 
the literature (Yahia and Drouin 1988, Clark and Sidles 1990, Newton et al. 
1990, Butler et al. 1990, Woo et al 1992, Race and Amis 1994, Hart et al. 
1992, Butler et al 1992). Quantitatively, however, the variations in collagen 
density are less pronounced than the variations in material properties described 
in the literature (Newton et al 1 990, Race and Amis 1994, Butler et al. 1992, 
Woo et al. 1992). Other structural parameters, such as the fiber diameter 
distribution, the fiber-orientation, the number of cross-links and the amount of 
glycosammoglycans may also affect the material property variation. 
Another structural characteristic which is nonhomogenous and nonidentical 
for the different human knee ligaments is the fiber orientation (Chapter 4) 
Several fiber orientations are recognized in the cruciate ligaments in rather 
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consistent patterns. It was found that at least six fiber bundles are necessary 
to represent all main fascile directions of these ligaments. 
MECHANICAL PROPERTIES 
The mechanical properties of a bone-ligament-bone structure are extremely 
sensitive to the relative orientation of the bones, in particular for short and 
wide ligaments, such as the cruciates {Chapter 5). Hence, these properties are 
only uniquely defined in relation to the relative insertion orientation of the 
ligaments. The variations measured are most likely caused by differences in 
the sequence in which the fiber bundles are recruited Because of the variable 
material properties (Butler et al 1992, Race and Amis 1994), fiber lengths and 
orientations (Girgis et al 1975, Butler et al. 1988) of these fiber bundles, 
variations in structural properties are expected. 
To explain the variable tensile behavior of the bone-ligament-bone 
specimens in the bench tests from the differences in fiber bundle properties 
and recruitment (Chapter 6), smaller fiber units were defined in the ligaments 
[Chapter 4). The force-length relationships of these smaller units are expected 
to be independent of their relative insertion orientations Parameters describing 
these force-length relationships, were defined in a mathematical model as the 
stiffness parameter к and the zero force lengths L0. Combined for all units, 
these are lumped parameters which together with the bundle geometry, 
describe the mechanical behavior of a ligament as a function of the relative 
insertion orientation The parameter values were determined by obtaining the 
best fit between experimental assessments of the variable ligament behavior 
and the results of simulations with multi-hne-element models. This fit was 
good for all ligaments, in particular for the cruciate ligaments, for which the 
residual errors were 1.0-2.4% of the maximal force. It is therefore concluded 
that the presented mathematical concept, in which the ligaments are 
considered as collections of line elements with different nonlinear 
characteristics, has the ability to describe the mechanical behavior of a 
ligament in a bench test realistically. At least three line elements should, 
however, be defined in the anterior cruciate ligaments to obtain a good 
description of the experimental results and, as a matter of course, the number 
of unknown parameters in the mathematical model should not exceed the 
number of independent observations. Seven line elements was the maximum 
number for which the parameters could be determined using the present 
experimental set up. In future work, the number of parameters might be 
extended by increasing the variety of experimental tensile tests, for example 
by additional axial rotations or other tilt directions. 
The resulting parameters describing the force-length relationships of the 
fiber bundles defined, have been shown to vary within and between the 
Conclusions and discussion 131 
human knee ligaments. Though the results show that the anterior bundles 
have the highest strain-resistance of all ACL bundles, more ligaments should 
be analysed to verify these trends. In order to compare the bundle parameters 
of the ligaments between different individuals, the material properties of the 
ligaments should be known. Therefor, area measurements of the bundles 
should be performed in future studies. 
FUNCTION 
Using an inverse dynamics approach, the information obtained about the 
fiber structure and the mechanical properties, described in the former sections, 
were used to define the 3-D load transmission characteristics of the ligaments 
during external loading of an intact knee joint (Chapter 7). The advantage of 
using an inverse dynamics approach, in which the ligament forces were 
estimated from knee kinematics, is that the forces in several fiber bundles of 
the four knee ligaments could be obtained simultaneously. It was found that 
the fiber bundles in a knee ligament are not tensed uniformly during knee 
motions, but that the role a fiber bundle plays in knee mechanics is highly 
dependent of its location in the ligament, the external loads applied and the 
flexion angle of the knee. The results reveal the relationships between these 
parameters. For all ligaments, it was found that the posterior bundles function 
mainly in extension of the knee joint, while the anterior bundles become 
progressively important during knee flexion. A gradual transition in load 
transfer from the posterior to the anterior part of the ligaments during flexion 
was evident Furthermore, it appeared that relatively high forces were carried 
by only a few fiber bundles. Consequently, ligament failure occurs at loads far 
below those achieved m a uniform failure test. These two aspects of the load 
transfer in the knee ligaments stress the importance of the determination of 
forces in multiple ligament bundles independently. The resultants of the bundle 
forces, the ligament forces, were not in conflict wi th literature data. However, 
more knee specimens should be tested in future research to verify the 
observed force distributions among several fiber bundles of the ligaments. 
In the methods described some implicit assumptions were made. First, it 
was assumed that it is valid to represent a ligament by line elements, which do 
not interact with each other. Blomstrom et a/ (1993) and Takai et al (1993) 
measured the effects of the interaction between fiber bundles on the 
mechanical properties of the anterior cruciate ligament during anterior tibial 
loading Only minor effects were noted. It is, however, not known as yet what 
the effects are for other bundle configurations and external loading 
configurations. Second, it is assumed that the fiber bundles could be 
represented by straight connections between their tibial and femoral insertion 
sites in all positions of the knee without any bony interactions. An exception is 
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formed by the MCL, which interacts wi th the proximal edge of the tibia. Third, 
it was assumed that it is valid to extrapolate the multi-line-element models to 
other orientations which occur m situ, but were not represented in the bench 
tests It is uncertain whether the bundles as represented in these models, are 
small enough to assume that their force-length relationships are independent of 
the relative orientations of the bones. More certainty about these assumptions 
has to be gathered in future studies 
In the present study, some of this uncertainty has been removed by 
experimental verification of a knee model, in which the four major ligaments 
and the articular surfaces are represented (Chapter 8). The motion 
characteristics of this knee model did compare reasonably well wi th those of 
its structural counterpart, a postmortem knee specimen consisting of the 
femur and the tibia connected by the four ligaments. From the model-
experiment comparisons, it was concluded that the collections of line elements 
are valid representations of the ligaments for studying their functional 
behavior. Furthermore, it appeared valid to extrapolate the mechanical 
behavior of the ligaments as described by a ligament model for a certain range 
of orientations to other, in situ, orientations The strength of this validation 
study is that all model parameters were obtained from one experimental 
specimen, for which also the motion characteristics were measured In this 
way, the essential part of the knee model, the mathematical representation of 
its structural counterpart, was validated. Another question of validity is 
whether the knee model represents the most essential characteristics of the 
intact knee specimen, where it concerns its passive motion characteristics. 
This question is still unanswered. 
In the present study, the knee model as proposed by Blankevoort (1991) 
has been improved with respect to the representation of the ligaments More 
line elements were defined, of which the geometry and the mechanical 
properties were deduced from the ligaments themselves The stiffness and 
recruitment characteristics are specific for the ligaments in the particular knee 
specimen of which the motion characteristics were described by the model. In 
the model as proposed by Blankevoort (1991), the ligament stiffnesses as 
obtained from literature data were assumed to be uniformly distributed among 
the line elements in each ligament. The recruitment parameters of the line 
elements were identified in an optimization process based on the objective that 
the kinematic behavior of the knee model was matched as closely as possible 
wi th the corresponding data obtained from an intact knee joint specimen. In 
this way, the ligaments compensate for the structures not represented in the 
model, by adapting their recruitment parameters. Hence, the recruitment 
parameters as determined by optimization, do not represent precisely the 
recruitment of the fiber bundles as occurs in the real joint. 
Further improvement is, however, still needed to describe the passive 
motion characteristics of the intact knee joint mathematically. By using the 
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same methods as described in the present study for the four major ligaments, 
the passive characteristics of other knee structures (such as the posterior 
capsule, the posterior oblique ligament, the deep medial collateral ligament, the 
arcuate ligament, the meniscofemoral ligaments, the intermeniscal ligaments) 
and the muscle tendons (such as the popliteus tendon, the semimembranosus 
tendon, the patellar tendon, the tractus iliotibialis, the biceps tendon, the 
gastrocnemius tendon and the pes anserinus) could be included as well. 
Furthermore, the menisci should be incorporated in the model to apply the 
model for high or dynamic loading conditions as occurring during walking and 
running. For these loading conditions, the menisci play a considerable role in 
stabilizing the joint and in transferring the load (Blankevoort 1991). To use the 
model as a dynamic one, also the visco-elastic properties of the ligamentous 
structures and the articular cartilage should be accounted for. 
APPLICABILITY 
The improved characterization of the ligaments of the knee with respect to 
their fiber bundle geometries and their mechanical properties in relation to their 
function provides a better understanding of the mechanism behind the function 
of these structures. This information offers possibilities to further improve and 
develop diagnostic and reconstruction techniques for partial or complete 
ligament tears. Furthermore, it creates opportunities to study the effects of 
deviations from the normal ligament characteristics on the mechanics of the 
knee joint by varying the number, the insertion sites, the prestress and the 
mechanical properties of the line elements. These parameter studies can result 
in important information for the design of ligament reconstructions and 
surgical techniques, and for quantitative diagnostic tests of partial ligament 
ruptures. 
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De ligamenten van de knie werden in het verleden beschouwd als 
homogene structuren. Uit recente studies blijkt echter meer en meer dat deze 
ligamenten niet als zodanig beschouwd kunnen worden. Dit staat in directe 
relatie staat tot de wijze waarop de ligamenten functioneren. De functie van de 
knieligamenten bestaat uit het beperken van de bewegingsmogelijkheden van 
de knie door weerstand te bieden aan externe krachten, zoals spier-, 
versnelhngs , en zwaartekrachten Deze functie wordt geëffectueerd door een 
verlenging van een aantal ligamentvezels die afhankelijk van de mechanische 
eigenschappen, een bepaalde ligamentkracht ten gevolge heeft. De remmende 
werking van deze kracht wordt bepaald door zijn grootte, richting en positie 
ten opzichte van de externe belasting. Tijdens kniebewegingen is deze 
remmende werking niet constant doordat steeds andere vezelbundels 
aanspannen en de vezelbundels van richting veranderen. Het doel van het 
huidige onderzoek is het beter begrijpen van het functionele gedrag van de 
ligamenten van de knie en dit gedrag te verklaren uit de vezelbundel structuur 
en mechanische eigenschappen van deze ligamenten. Het verkregen inzicht is 
van klinisch belang, met name voor de evaluatie van diagnostische testen en 
chirurgische ingrepen bij ligament laesies. 
Met dit doel voor ogen wordt informatie verkregen omtrent de 
collageendichtheid in verschillende delen van de ligamenten als een indicatie 
van de verdeling van materiaaleigenschappen (Hoofdstukken 2 en 3), de 
variëteit aan vezelnchtingen (Hoofdstuk 4) en de mechanische eigenschappen 
van de ligamenten als functie van de recrutermg en mechanische 
eigenschappen van de vezels (Hoofdstukken 5 en 6) Deze informatie wordt 
gecombineerd om de krachten in de vezelbundels en de remmende werking 
hiervan op de bewegingen van het kniegewricht te bepalen (Hoofdstuk 7) en 
de beschrijvingen van de ligamenten als verzamelingen van vezelbundels, met 
ieder hun specifieke eigenschappen, te valideren (Hoofdstuk 8). 
Uit biochemische bepalingen van de hoeveelheid collageen per eenheid van 
volume, waarvan de nauwkeurigheid ongeveer 3,9% is (Hoofdstuk 2), blijkt 
dat de collagene vezels niet homogeen verdeeld zijn in humane knieligamenten 
(Hoofdstuk 3). De voorste bundels van de ligamenten bevatten meer collageen 
per eenheid van volume dan de meer naar achter gelegen bundels voor de 
voorste kruisband (25%), de collaterale ligamenten (25%) en de achterste 
kruisband (10%). De middelste segmenten van de kruisbanden bevatten meer 
collageen per eenheid van volume dan de meer naar de inserties gelegen 
segmenten (ACL 9%, PCL 24%). Ook tussen de ligamenten zijn verschillen 
gevonden in collageendichtheid. de voorste kruisband bevat significant minder 
collageen per eenheid van volume dan de overige drie kniebanden. De 
gevonden variaties komen overeen met de variaties in mechanische 
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eigenschappen zoals beschreven in de literatuur, hoewel de grootte van deze 
variaties in collageendichtheid veel geringer zijn dan de variaties in 
mechanische eigenschappen Variaties in andere structurele componenten van 
de ligamenten zijn hiervoor verantwoordelijk en moeten eveneens gemeten 
worden om de mechanische eigenschappen helemaal te kunnen verklaren uit 
de structurele componenten. 
Met behulp van macroscopische preparatie en een 3-D meetsysteem zijn 
verschillende vezelrichtmgen in de kruisbanden geïdentificeerd (Hoofdstuk 4). 
Op basis van deze vezelrichtingen zijn de ligamenten in vezelbundels verdeeld, 
waarvan de aanhechtingen gemeten zijn Het blijkt dat 6 vezelbundels 
minimaal nodig zijn om alle belangrijke vezelrichtmgen in een kruisband te 
representeren. Hoewel het aantal bundels voor de verschillende voorste en 
achterste kruisbanden niet identiek is, zijn het femur en de tibia op een 
consistente wijze met elkaar verbonden door de bundels Op basis van deze 
bundelmsertie metingen zijn lijnelementen gedefinieerd, die de geometrische 
basis vormen voor een mathematisch model van de ligamenten 
De structurele stijfheid van een ligament, vastgelegd door middel van een 
trekproef, wordt bepaald door de hoeveelheid vezels die aangespannen worden 
en hun mechanische eigenschappen Deze recrutering van vezels wordt, bij 
gegeven eigenschappen van de vezelbundels, bepaalt door de onderlinge stand 
van de inserties. Om de relatie tussen de onderlinge stand van de inserties en 
de structurele stijfheid van het ligament te bestuderen, worden de ligamenten 
van de knie onderworpen aan trekproeven in verschillende onderlinge standen 
van de inserties Het blijkt dat de structurele stijfheid significant afhangt van 
de onderlinge stand van de inserties voor alle knieligamenten Ten gevolge van 
de kleinere lengte-breedte verhouding van de kruisbanden in vergelijking tot de 
collaterale banden, zien we een grotere afname in stijfheid per 5° kanteling van 
de femorale insertie voor de kruisbanden dan voor de collaterale banden. Voor 
de achterste kruisband en voor de mediale collaterale band maakt het hierbij 
niet uit welke zijde van de femorale insertie omhoog getild wordt, terwijl dit bij 
de voorste kruisband en de laterale collaterale band wel significante verschillen 
in afname van stijfheid per 5° kanteling oplevert Uit deze resultaten blijkt, dat 
de resultaten van trekproeven sterk afhankelijk zijn van de richting waarin je 
eraan trekt. Met andere woorden, je kunt niet spreken van 'de stijfheid van een 
ligament': één trekproef is onvoldoende om de stijfheidskarakteristieken van 
een ligament vast te leggen Verder wordt hiermee onderbouwd, dat tijdens 
kniebewegingen de stijfheid van de ligamenten varieert, daar ook dan een 
duidelijke variatie in de oriëntaties van de ligamentinserties optreedt 
Het aanspannen van verschillende vezelbundels in de bovengenoemde 
trekproeven wordt vervolgens in de computer gesimuleerd met een eenvoudig 
lijnelementen model, waarvan de geometrie gebaseerd is op de eerder 
genoemde bundelmetingen. Het doel hiervan is het bepalen van een aantal 
parameters, die het gedrag van een ligament in de trekbank in verschillende 
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onderlinge standen van de inserties karakteriseren. Deze parameters, die 
verkregen worden uit een beste fit van model en experiment, beschrijven de 
kracht-lengte relatie voor elke bundel, die in het ligament gedefinieerd is. Ze 
geven aan bij welke lengte van een lijnelement het element kracht gaat 
doorleiden ( = nullengte) en hoe snel de kracht hierna toeneemt bij een 
bepaalde verlenging van het lijnelement Met de modellen kunnen de 
experimenten goed nagebootst worden voor alle ligamenten. De modelfout is 
echter kleiner voor de kruisbanden dan voor de collaterale banden. Het blijkt 
verder dat de voorste kruisband met minstens drie hjnelementen beschreven 
moet worden om een redelijke simulatie van het experiment te verkrijgen. 
Hiermee is aangetoond dat voor de mechanische karakterisering van de 
ligamenten een model bestaande uit meerdere lijnelementen essentieel is. BIJ 
meer dan 7 lijnelementen blijkt het model teveel parameters te hebben om met 
de huidige experimentele opzet bepaald te kunnen worden. Tussen 4 en 7 
lijnelementen zijn de resultaten vergelijkbaar. Deze resultaten tonen aan dat de 
mechanische eigenschappen niet uniform verdeeld zijn over de vezelbundels in 
een ligament. Zo blijken in de voorste kruisband de voorste en mediale bundels 
stijver te zijn dan de achterste en laterale bundels. 
Vervolgens zijn van een kniegewricht de 3-D coördinaten van de 
aanhechtingen, de vezelrichtingen en de mechanische eigenschappen van de 
bundels bepaald op de wijze zoals boven beschreven Eveneens is de 
kinematica van het kniegewricht bepaald bij verschillende externe belastingen 
en flexiestanden. Deze gegevens zijn bijeengebracht in enkele mathematische 
relaties ter bepaling van de krachten in de ligamentbundels en de remmende 
werking hiervan op de bewegingen van het kniegewricht. Het blijkt dat de 
recrutermg van ligamentbundels sterk afhankelijk is van de stand van het 
gewricht, van de aangebrachte externe belasting en van de locatie van de 
bundel in het ligament. Zo vervullen de meest posterieure vezelbundels de 
belangrijkste rol in extensie van het gewricht, terwijl de meest antérieure 
vezelbundels belangrijker zijn in 90° flexie. Van extensie naar 90° flexie 
verschuift de recrutermg van de vezelbundels geleidelijk van posterieur naar 
antérieur. Er wordt dan ook geconcludeerd, dat de ligamenten functioneel 
gezien zeker geen homogene structuren zijn. Steeds worden enkele 
vezelbundels met relatief hoge krachten belast Dit betekent dat het materiaal 
onder veel lagere belastingen zal bezwijken dan op grond van uniforme 
trekproeven geconcludeerd zou kunnen worden. 
Tenslotte worden de modelbeschri jvingen van de l igamenten 
geïmplementeerd in een 3 dimensionaal model van het kniegewricht, dat 
geabstraheerd is tot de kraakbeenoppervlakken en de ligamenten De passieve 
bewegingskarakteristieken van dit model worden vervolgens vergeleken met de 
experimenteel bepaalde bewegingskarakteristieken van een structurele 
analogie, een preparaat bestaande uit femur en tibia verbonden door de vier 
belangrijkste kniehgamenten, ter validatie van de representaties van de 
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ligamenten in het model als verzamelingen van hjnelementen. Met het model 
zijn de experimentele resultaten goed te beschrijven Hieruit volgt dat de 
verzamelingen van niet-hneair elastische hjnelementen goede representaties 
van de kniehgamenten zijn en dat de gevonden relaties tussen de mechanische 
eigenschappen en de relatieve msertie-orientaties valide zijn 
Algemeen kan geconcludeerd worden, dat de knieligamenten veel 
ingewikkelder gebouwd zijn en functioneren dan in eerste instantie gedacht 
zou worden. Met de methodieken zoals beschreven in dit proefschrift is het 
goed mogelijk gebleken meer inzicht te verkrijgen in bepaalde specifieke 
aspecten van deze ligamenten De verbeterde beschrijving van de ligamenten 
in het kniemodel door een uitbreiding van het aantal hjnelementen en de 
experimentele bepaling van de bundeleigenschappen vergroot het inzicht in het 
functioneren van de kniehgamenten Verder schept dit mogelijkheden de 
effecten van het aantal hjnelementen, de positionering van de hjnelementen, de 
voorspanning en de mechanische eigenschappen van de hjnelementen op de 
kinematica van het kniegewricht te bestuderen. Deze informatie is nuttig bij 
het ontwerpen van nieuwe ligament reconstructies en bij het evalueren van 
kniebandletsels en chirurgische technieken 
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STELLINGEN 
behorende bij het proefschrift 
Human knee ligaments: 
Structure, function and mechanical properties 
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Cruciate ligaments are crucial ligaments 
The anterior cruciate ligament, ed Jackson D W, Raven Press, NY, 1993 
Dit proefschrift 
II 
Een knieband is een inhomogene structuur, waarvan de mechanische functie 
berust op het tijdens kniebewegingen telkens op spanning komen en 
ontspannen worden van de samenstellende bundels 
Dit proefschrift 
III 
Het taalgedrag van kniebanden in situ valt niet te voorspellen door middel van 
een uniaxiale mechanische test 
Dit proefschrift 
IV 
Om met behulp van een plastiek het complexe functionele gedrag van 
kniebanden nauwkeurig te reproduceren, is het noodzakelijk individuele 
bundels te reconstrueren 
Dit proefschrift 
V 
Voor kniebandplastieken wordt zowel autogeen als artificieel materiaal 
gebruikt Het eerste remodelleert na implantatie, het tweede niet Alleen als 
men in staat is kunstmatig de anatomie en biomechanica van een knieband 
precies na te bootsen, biedt artificieel materiaal voordelen Zolang dit nog niet 
te realiseren is, heeft de autogene plastiek het voordeel, dat deze zich kan 
aanpassen aan haar nieuwe omgeving 
Dit proefschrift 
VI 
Het is de hoogste tijd om de tnal-and-error strategie die wordt gevolgd in het 
innovatieproces van prothesen te verlaten 
Huiskes R, Acta Orthop Scand 64(6), 1993 
VII 
Het komt de afstudeerrichting Bewegingswetenschappen van de studierichting 
Biomedische Gezondheidswetenschappen te Nijmegen ten goede dat ZIJ zich 
thans meer als één afstudeerrichting profileert 
Vili 
Aangezien de verhouding vrouwen mannen in de studentenpopulatie 
geneeskunde gestaag stijgt, zal een revolutie in het overwegend uit mannelijke 
chirurgen bestaand orthopedisch bolwerk onvermijdelijk zijn 
IX 
De veranderingen in de infrastructuur die tot doel hebben de wachtti jden in de 
file te verkleinen, bereiken dit doel niet daar ZIJ het aantal automobilisten doen 
toenemen Parallellen kunnen worden getrokken met de wachtli jsten in de 
gezondheidszorg 
X 
In de westerse gezondheidszorg worden de psychische en sociale effecten op 
het (fysiek) welbevinden en herstel van patiënten nog te weining erkend 
XI 
De vermeende correlatie tussen het broeikas-effect en de hete zomers berust 
vooralsnog alleen op het toeval Wanneer deze correlatie wel statistisch 
significant zou zijn, zou het echter te laat kunnen zijn voor maatregelen 
Volkskrant, 20 maart 1993 
XII 
Drie-meter smashes bij volleybal hebben een grotere kans van slagen dan 
smashes kort bij het net, omdat de kans dat ze geblokkeerd worden kleiner is 
Kao S S et al, J Applied Biomech 10, 1994 
XIII 
Vooral bij vrouwen veroorzaakt het beoefenen van volleybal een verhoogde 
kans op kniebandletsels 
Ferretti et al, Am J Sports Med 20(2), 1992 
XIV 
Het opmaken van een proefschrift en het opknappen van een huis zijn bij 
voorkeur twee sequentiële processen 



